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Metastable effects in chalcogenide thin film photovoltaic devices
by Sabrina JONES

supervised by Ao.Univ.Prof.Dr. Johann SUMMHAMMER

The aim of this thesis is to investigate light induced metastable effects occurring in
chalcogenide photovoltaic cells and modules. Testing procedures for precise and reliable
characterization of thin film photovoltaic devices have been a challenge for research labo-
ratories, test facilities and manufacturers alike. Especially chalcogenide heterostructure
solar cells, like CdTe and Cu(In,Ga)Seq, exhibit light induced metastable effects by al-
tering electrical parameters based on illumination history. International standards for
device characterization do not account for metastable behavior and in literature, there
is still ambiguity regarding occurrence and predominant cause of metastable behavior.
By conducting light soaking and dark relaxation and consecutive measurements of the
IV characteristic, metastable behavior at the Cu(In,Ga)Sey cell level and for commer-
cial CdTe and Cu(In,Ga)Ses modules was examined. In Cu(In,Ga)Ses cells, altering
metastable behavior could be attributed to varied spectral incident irradiation of white,
blue and red light. Furthermore, the impact of the buffer layer material such as CdS,
ZnSnO and Zn(O,S) on metastabilities and the influence of the buffer layer thickness
could be established. A series of light soaking experiments was made with CdTe and
Cu(In,Ga)Ses modules varying irradiance levels ranging from 50-1000 W /m? and bias
states between open circuit and short circuit voltage. Differing metastable responses
were observed. Lastly, a proposed testing procedure for module characterization was
evaluated with Cu(In,Ga)Ses modules and recommendations for future test procedures

given.
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Dissertation der technischen Wissenschaften Physik

Metastable effects in chalcogenide thin film photovoltaic devices
von Sabrina JONES

betreut durch Ao.Univ.Prof.Dr. Johann SUMMHAMMER

Ziel dieser Arbeit ist die systematische Untersuchung von Licht induzierten metastabilen
Effekten in chalkogeniden Photovoltaik Zellen und Modulen. Heutige Testverfahren
zur préazisen und vergleichbaren Charakterisierung bilden Herausforderungen fiir wis-
senschaftliche Institute, Priifeinrichtungen und Hersteller, da speziell die chalkogeniden
Heterostrukturen wie CdTe und Cu(In,Ga)Sey Solarzellen metastabile Effekte in ihren
elektrischen Parametern auf Basis der Beleuchtungshistorie aufweisen. Wéhrend in-
ternationale Standards fiir Zell und Modul Charakterisierung metastabile Effekte nicht
beriicksichtigt, findet man in der Literatur ebenfalls unterschiedliche Aussagen zu Auf-
treten und hauptséchlichen Ursachen des metastabilen Verhaltens. In dieser Arbeit
wurden Cu(In,Ga)Ses Zellen sowie kommerzielle CdTe und Cu(In,Ga)Ses Module Be-
leuchtungs- und Dunkelphasen ausgesetzt. So konnte durch wiederholte IV Kennlin-
ien Messungen das metastabile Verhalten bestimmt werden. In Cu(In,Ga)Ses Zellen
wurde ein Zusammenhang zwischen den Metastabilitaten und der spektralen Verteilung
der Beleuchtung aus weiflem, blauen und rotem Licht, sowie des Pufferschicht Mate-
rials aus CdS, ZnSnO und Zn(O,S) und der Pufferschichtdicke hergestellt. CdTe und
Cu(In,Ga)Ses Module wiesen unterschiedliches metastabiles Verhalten bei variierender
Bestrahlungsstirke zwischen 50-1000 W /m? und Spannungszustand auf. Letztlich wurde
ein Testverfahren anhand von Cu(In,Ga)Sea Modulen evaluiert und Empfehlungen fiir

zukiinftige Verfahren vorgeschlagen.
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Chapter 1

Introduction

With the rise of photovoltaics as a significant source for the global electrical energy
hunger, a competition among different technologies for providing the necessary materi-
als emerged. In this fast paced race, new technologies pop up and records are broken
every year. At the beginning of this work, in 2010, the predominant technologies of
monocrystalline and polycrystalline silicon solar cells have been resting at 25.0% and
20.4% efficiency respectively, for several years. The so-called second generation thin film
technologies amorphous silicon, CdTe and Cu(In,Ga)Ses (CIGS) showed record efficien-
cies of 12.5%, 16.7% and 20.0% respectively.

By 2020, silicon HIT cells have reached 26.7%, monocrystalline silicon cells 26.1% and
polycrystalline cells 23.3% efficiency. At the same time, CdTe cells have caught up to
22.1%, while CIGS have slightly surpassed polycristalline Si and stand at 23.4% effi-
ciency.

Aside from the efficiency race, other factors were driving the anticipated spread of thin
film technologies. Manufacturing processes for thin film modules are fundamentally dif-
ferent from crystalline silicon cell production, which relies heavily on the energy intensive
Si ingot and wafer production. Film deposition methods can be realized much faster
and cheaper, potentially even in roll-to-roll processes. This spurred expectations about
thin film technologies gaining significant market shares in the solar industry.

In 2010, the share of thin film technologies in the global annual production was around
13%.

In 2017, the annual production share amounted to 4.5%. [1]

What are the reasons, thin film technologies have not taken over the solar industry?
For one reason, the average selling price of silicon wafers declined by almost 50% from
2007 to 2017 [2]. At the same time, controlling the process for large surface deposition
turned out to be a challenge for thin film solar manufacturing. To date, the gap be-

tween record cell efficiencies and record module efficiencies is still larger for thin film

1
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FIGURE 1.2: Champion module efficiencies according to NREL, 2019. [4]

chalcogenide technologies compared with silicon cell technologies, which can be extracted

from figures 1.1 and 1.2.

While silicon based solar technologies build on theoretically

understood ab initio models and over 50 years of semiconductor industry experiences,

chalcogenide semiconductor heterostructures like CdTe and CIGS have a lot less research

legacy. More complex material compositions, thin layers down to several nanometers

and structures prone to defects result in many effects, which are still not fully under-

stood yet.

One class of these effects are called light induced metastabilities, which have primarily

been observed in chalcogenide photovoltaic cells and modules. The term metastable was
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Chapter 1. Introduction 3

coined for a number of effects, which show electrically improved or deteriorated param-
eters after light exposure. Metastable also means, that these effects are not permanent,
but typically reverse, after a certain time of relaxation in the dark.

Because metastabilities change the electrical parameters of a photovoltaic device, once
it is exposed to light, this poses a challenge for accurate and reliable device character-
ization. Currently, international standards for photovoltaic device characterization do
not take into account metastabilities of chalcogenide PV devices. This has lead to sig-
nificant differences in electrical parameters determined in various round-robin tests for
commercial modules among certified testing facilities. It is necessary to define a reliable
and accurate yet practical test procedure for characterization of thin film devices.

In this work, metastabilites at the cell level and at the module level are examined.
Heuristic metastability observations at the module level are put in context of observa-
tions at the cell level, which allow for more detailed characterization techniques and
experiments.

This work aims at providing some guiding principles towards a sensible test procedure
with regards to metastable effects in chalcogenide devices.

In chapter 2, the fundamentals of chalcogenides as heterostructures for photovoltaic
devices and the current theoretical understanding of metastable effects in these photo-
voltaic materials are established. Chapter 3 describes the experimental methods behind
verification of metastabilites of this work. In chapter 4, experimental results showing
metastable behavior in Cu(In,Ga)Ses cells are documented. Most of these experiments
were conducted at the Angstrém Solar Center of the Uppsala University in Sweden. In
addition to metastable effects observed in cells, chapter 5 shows, how metastabilites are
expressed in CdTe, Cu(In,Ga)Ses and in comparison also in amorphous silicon commer-
cial modules. At the end of the chapter, a proposed testing routine by the National
Renewable Energy Laboratory is validated. Results and a future outlook are discussed

in chapter 6.
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Chapter 2

Chalcogenides as Photovoltaic

Materials

This chapter establishes the theory behind copper indium gallium selenide (Cu(In,Ga)Se,)
and cadmium telluride (CdTe) photovoltaic materials. First, fundamental solar cell
concepts are discussed starting from ideal cells and leading to chalcogenide relevant
heterojunction concepts. After establishing general electrical characteristics for solar
cells, details about chalcogenide solar cells are elaborated. The basic crystal structures,
material compositions and characteristics as well as the photovoltaic device layout are
discussed for each of the two materials Cu(In,Ga)Se, and CdTe. In order to understand
mechanisms behind metastable effects, material defects and band diagrams will be ex-
amined. Based on this fundamental knowledge current theories about metastabilities in
chalcogenides will be discussed.

Additionally, insights are given into testing and characterization methods, which are
currently standardized by the IEC. Problems and consequences due to the inadequacy

of certain procedures are pointed out.

2.1 Basic solar cell concepts

Solar cells transform photon energy into electrical energy by utilizing material character-
istics of semiconductor diodes. An essential way to describe the electronic mechanisms

in solar cells is to consider the band diagram model.
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6 Chapter 2. Chalcogenides as Photovoltaic Materials

2.1.1 p/n-homojunction

Due to the spatial inhomogeneity of charge carriers in a system of two semiconductors
with different doping agents, the electron (and hole) gradient dn/dz (dp/dx) across the
junction leads to a diffusion current. The diffusion current can also be interpreted as
a result from the difference in chemical potentials of these two semiconductor regions.
Electrons (holes) diffuse into the p (n) region leading to a negative (positive) charge in
the p (n) region leaving behind ionized donor and acceptor impurities which create an
electric potential and field, and in consequence cause a drift current (figure 2.1(a)). The
resulting distribution of charges in the area is expressed in the name space charge region
(SCR) or depletion region. The space charge region -z, < x < x,, is an insulating region
empty of mobile charge carriers and with a high electric field.

In thermodynamic equilibrium with no remaining gradient in electrochemical potential,

the net electron current is zero and is described by

dn
qgn pnE=q D (2.1)

where the electron mobility and diffusion constant are denoted by p,, and D,, respectively

(equivalent for holes). Because the Fermi level is defined as the total electrochemical

_____ - +E
oo ® ® s
\
® @ x—electron N
0 e \
© © affinity _vacuum level _ _
-eN,, SIS ‘* ----------- -
ND qvbl
o e” drift current o\ free electrons
g = E
© dE/dx=p/e _______l____] __oeeveel EC
5 ©0000, F
9 —_
© +++++ ! E
free holes i 9
do/dx=-E
3 . Na
3 Ev
8 Vi p — W n
et ) >
Xp 0 Xq -Xp 0 X,

F1GURE 2.1: The charge density distribution created by diffusion results in a linear

electric field across the p/n junction, with the field strongest at the interface of the p

and n region causing a drift current (a). The change in the potential is expressed in a
built in voltage V4;

potential for electrons, it needs to be constant across both semiconductor regions. Since
electron affinity and band gap are invariant in semiconductors this can only be achieved

in band bending of the valence and conduction band.
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Chapter 2. Chalcogenides as Photovoltaic Materials 7

The electric potential of the p/n junction is obtained from Poisson’s equation. In the
Schottky approximation the SCR is assumed to have sharp edges (rectangular shape in
x). This simplifies the calculation of the potential, where it can be ignored that the
potential gradient and the number of diffusing charges are interdependent.

The p/n junction can be divided into four areas according to figure 2.1. For < -z, and
T > x, the ionized donor and acceptor impurities are shielded by free charge carriers and
hence the charge density p is zero in this neutral region. With no free charge carriers in

the SCR -z, <« < x,, the overall charge density must be neutral.
NAafp = ND.Tn (22)

This statement also shows that a difference in doping concentrations for acceptors and
donors N4 and Np extends the SCR further into the less doped area.
The electric potential ¢ can be obtained by integrating the one-dimensional Poisson’s
equation

¢ ep(x)

- 2.3
dax? € (2:3)

twice for the individual areas and with the respective permittivities € for the semicon-

ductor materials. With the boundary condition for the built in potential

Vbi = ¢(+00) = ¢(—00) (2.4)

the width w of the space charge region can be determined [5].

2e(Ny + N
W=Tp+ Ty = \/MVM (2.5)

eNAND

Now, the validity of the Schottky approximation can be verified. The potential energy
of the charge must be significantly larger than its thermal energy and the width of SCR

significantly larger than the Debye length Lg = /8kT/€2NA/D, so that

(Voi = V) >> %T (2.6)

Therefore, the Schottky approximation is valid for typical built in voltages greater than
0.5 V and for temperatures smaller or equal than room temperature, if the applied bias
voltage is not too large. For metastability investigations it is of interest to analyze
the distribution of the built in voltage V;; and the band bending across the p- and the
n-region of the junction. Regarding figure 2.1, the potential ¢, of the p-region at the
interface x = 0 can be determined after integrating Poisson’s equation (equation 2.3)
twice.

e
QSp(ZE = 0) = gp—goNAIBI% (27)
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8 Chapter 2. Chalcogenides as Photovoltaic Materials

With w = x), + z,,, charge neutrality (equation 2.2) and equation 2.5 the width z, can

be calculated and plugged into equation 2.7 the potential yields

enlNpD

dp(x=0) =V (2.8)

EpNA + 6nND

From this equation it becomes evident, that increasing the acceptor doping concentration
N4 results in a decrease of the potential gradient and the band bending in the p-region.
This principle works in an analog way with the donor doping concentration Np for the

potential in the n-region.

2.1.2 p/n-heterojunction

The homojunction discussed in the the last section is based on the characteristics of one
material where charge carriers only differ in their chemical potential. In contrast, in
p/n-heterojunction solar cells, different materials with different band gap energies Eg,

electron affinities y and Fermi levels form the junction.

AE
%4 \‘\
------------------ Evac
L X
AE,

Eg1 — E;
""""""""""""""""""""""""""" EF
—_

AE,
A 4 E
A"
Material 1 Material 2
p-type n-type

FIGURE 2.2: The band diagram of an ideal p/n heterojunction reveals a spike (AE,)
and a cliff (AE,) at the interface of the conduction and valence band edges respectively.

In the band diagram, these characteristics are expressed in conduction and valence band
discontinuities (figure 2.2). By aligning the Fermi levels for the two materials, the
vacuum level will bend but be continuous. Since the electron affinity in semiconductors
is defined as the energy necessary to excite an electron from the bottom conduction

band level to vacuum level, it is a material constant that defines the distance between
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Chapter 2. Chalcogenides as Photovoltaic Materials 9

conduction band level to vacuum level. Hence, the conduction and valence band edges
will bend in the same way as the vacuum level and as a result the band edges on the
p and n side will not be continuous. In the Anderson model [6] it is assumed that the

conduction band offset (CBO) AE. is equal to the difference in electron affinities.

AE: = q(x2-x1) (2.9)
Accordingly, the valence band offset (VBO) AE, can be calculated as
AE@ = Egl +ax1— EgZ —gx2- (210)

In reality and due to a general mismatch in crystal lattice constants, crystal properties
will be changed slightly at the interface because of the materials striving to minimize the
total crystal energy. The interface region is also electrically and structurally influenced
by the orientation of the material surfaces [7]. Crystal lattice constant mismatches also
introduce dangling bonds and unoccupied states to the interface region, affecting the
local charge distribution and hence the SCR width and band bending of the conduction
and valence bands. Defects at the interface can also provide energy levels within in band
gap, making them a potential pathway for leakage currents through the junction [8, 9].
In a simplified model, the Fermi level at an interface is only determined by the doping
ratio of the two adjacent semiconductors. In addition however, interface charges can
also influence the position of the Fermi level. These interface defect charges contribute
to the charges required for creating thermodynamic equilibrium and equalizing the elec-
trochemical potential. For devices with very high interface charge, the doping ratio
between window and absorber can become irrelevant to the Fermi level position. This

case is called Fermi level pinning (FLP).

2.1.3 Electrical characteristics

The maximum photocurrent generated by a solar cell is directly dependent on the num-
ber of incident photons, which create electron-hole pairs in the absorber. Through the
quantum efficiency QFE(FE) of a cell, the relation between the photocurrent density Jg.
and the incident spectrum is given and is characteristic for various solar cell technologies
and cell designs. Typical quantum efficiency curves for CIGS solar cells are displayed in
figure 2.3 .With QF(FE) as the probability of an incident photon of energy FE resulting

in a collected electron, Js. becomes

Jie=a [ b(E) QE(E) dE (2.11)
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10 Chapter 2. Chalcogenides as Photovoltaic Materials

with the electronic charge ¢ and the number of photons per unit area, unit time and

energy F + dFE as incident spectral photon flux density bs. With the relation between

1.0 5

Quantum efficiency

0.0

40 500 600 700 800 900 1000
Wavelength [nm]
F1cURE 2.3: A highly efficient solar cell requires a high quantum efficiency covering

a wide range of the solar spectrum. Here, the quantum efficiencies for two CIGS cells
with CdS and Zn-Sn-O as buffer layers are shown.

energy E and wavelength A defined by E = hc/\, a convenient conversion between photon

energies in eV and wavelengths in nm can be found in

1240
A [nm)]

E [eV] = . (2.12)

In a dark solar cell, the saturation current density Jy is the sum of the drift current
densities for electrons and holes

D, D,

Jo=q| —n, + — 2.13

0=49 ( L, P L, Pn ( )

with the diffusion length for electrons L, and the electron concentration in the p-quasi

neutral region n,. In thermal equilibrium the net current across the junction is zero,

therefore the diffusion current is equal to the saturation current density ng- i -Jo.

With an external bias V., however, the diffusion current becomes

aVe

The diode equation (2.15) is the total current density across the dark p/n junction and

a function of the external bias V. and is

D, D Ve
Jaiode(Ve) = Jaigs +Jo=q- (L—np + L—ppn) - [eiT - 1] (2.15)
n p
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Chapter 2. Chalcogenides as Photovoltaic Materials 11

For an illuminated p/n junction, additional currents occur from generated electron hole
pairs. With the generation rate per unit volume G, the additional currents add to the
overall collected current density only if the generation happened within the diffusion

length for minority carriers or in the SCR.
Jiight = ¢GLyp + qG Ly + qGw (2.16)

All other generated charge carriers recombine before being collected.
Generated electrons move from the p to the n region and therefore in the same direction

as the drift currents. The diode equation under illumination becomes

D, D aVe
J(V;) =q- (L—’n,p + L—ppn) . [61‘; - 1:| — qG(Ln + Lp + ’w) (217)
n p

A plotted diode equation (figure 2.4) for a dark cell crosses the origin. In an ideal solar

A

J

dark

sC

FIGURE 2.4: The current voltage characteristic reveals performance information about
a solar cell. Key indicators are Js¢, Voc, Jmp, Vimp and the fill factor F'F'.

cell, the illuminated curve is a parallel shift of the dark curve into the fourth quadrant,
where a solar cell is operated to yield energy.

The short circuit current density Js. at Ve =0 is
Jsc = _Jlight = —qG(Ln + Lp + w) (2.18)
and the open circuit voltage V,. at J =0 can be written as

Jii
Voc=k—T-1n(M+1). (2.19)
q 0
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12 Chapter 2. Chalcogenides as Photovoltaic Materials

The operating point of a solar cell at maximum power P, defines the ideal current
density J,,, and voltage V;,, for most efficient energy harvesting. The fill factor F'F is
a measure for how close the JV characteristic is to a rectangular shape and therefore is

an indicator for solar cell performance.

~ Vinp - Imp

FF = 2.20
‘/oc' Jsc ( )

The overall efficiency 7 of a solar cell is defined as the fraction of power density delivered

at the maximum power point P, by the incident illumination power density P;.

Pmax [ mp * Jmp
= = . 2.21
1 P P ( )

Since V,. and J,. are functions of temperature, a cell’s performance is also dependent
on temperature. For Js. the effect is positive: atomic distances in the crystal increase
with T" and result in a reduced band gap E,. This leads to more photons fulfilling the
requirement E > F, which increases Js., however, the effect is rather small. For V., on

the other hand, the temperature effect is approximated by

ocC ISC 1 E
Woe  Fp(te) L Ve — —2 (2.22)
dl' ¢ B q

with a temperature independent constant B. This term is always negative because

qVoe < By and has a significant effect on V. and hence on the overall cell performance.

2.1.4 Non-ideal cell mechanisms and losses

Generally, loss mechanisms can be split up in three different categories. First, there are
recombination losses limiting the V,. of a device. Second are parasitic losses such as
series and shunt resistances and voltage-dependent current collection mainly reducing
the fill factor, but also affecting Js. and V,.. Last, there are optical losses preventing
the generation of electron-hole pairs and hence limiting Js. [10].

Thin film solar cells, including Cu(In,Ga)Se, and CdTe devices, oftentimes exhibit dif-
ferent bahavior from standard well-behaved crystalline Si (c-Si) cells. While higher
absorption coefficients due to a direct band gap can lead to higher currents, imper-
fect crystallinity and large numbers of defects cause shallow and deep defect levels and
bands within the band gap and enhance recombination. The heterojunction introduces

additional defect states to the interfaces, resulting in more recombination [10].
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Chapter 2. Chalcogenides as Photovoltaic Materials 13

Recombination The V,. is largely dependent on the probability of charge carrier
recombination. There are several types of recombination mechanisms with varying prob-
abilities for different areas within the cell and different cell types and materials.

For radiative recombination, an electron from the conduction band combines with a
hole in the valance band and in effect releases a photon of an energy close to the band
gap [11]. This recombination path is more prominent in direct semiconductors such as
chalcogenides, rather than in indirect semiconductors, where it is usually neglected.
Shockley-Read-Hall (SRH) recombination is a two-stage process, where an electron re-
laxes from the conduction band to the valence band via an intra-band gap defect level
(trap). This defect related recombination dominates all recombination mechanisms for
state of the art chalcogenide solar cells [12]. The SRH recombination probability is
largest for trap levels close to mid gap [11].

Auger recombination is the third, but least significant recombination process in chalco-
genides, which only starts to dominate for high doping concentrations [12]. It involves
three carriers: a conduction band electron and a valence band hole, which recombine
and a second electron from either the conduction or the valence band, which absorbs
the released energy from the recombined electron-hole pair. The excited second electron

afterwards relaxes thermally within the crystal.

Generally, low recombination rates positively influence the carrier lifetime 7 in the solar

cell and therefore directly impact the diffusion length L of carriers.
L=vDr (2.23)

With higher lifetimes and longer diffusion lengths, more minority charge carriers can
reach the SCR and can be collected, whereas poor lifetimes result in an increased de-
pendence on the electric field rather than on diffusion for minority carriers. This can

lead to a voltage-dependent collection of light-generated current.

Parasitic losses The electrical behavior of a solar cell is described in the simplest
form by an equivalent circuit including a series resistance and a shunt resistance as in
figure 2.5. In an approximation, the ideal diode behavior of a cell is expanded by a
parasitic series resistance R representing ohmic losses for the charge carriers in the p
and n region and a parasitic shunt resistance Ry, which accounts for leakage currents
through the cell, around the edges and between contacts [11]. For high cell efficiencies,
small series resistances and large shunt resistances are required. In the JV curve (figure
2.4), a high Ry decreases the curve slope at V,., while a small Ry}, decreases the slope

at Js.. Unfavorable series and shunt resistances thus result in a decreased fill factor.


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thelo

L]
10
ledge

now!

L]
i
rk

14 Chapter 2. Chalcogenides as Photovoltaic Materials

FI1GURE 2.5: Equivalent circuit including series and shunt resistance.

A non-ideal diode equation takes into account an altered dependence of the dark current

on V by an ideality factor A.
J = Jee — Jo(e?VART _ 1) (2.24)

Typical values for A of well-behaved thin film devices lie between 1.3 and 2 and are

dependent on the energies of deep defects acting as the dominant trap states [10].

2.2 Chalcogenides

Chemical and physical deposition techniques for large scale production basically enable
the application of photovoltaic materials on large surface areas and at high throughput
rates. This general advantage has driven the research and production of thin film solar
cells to efficiencies on a par with polycrystalline silicon solar cells [13].

The two most efficient and commercially widespread thin film photovoltaic materials are
based on Cu(In,Ga)Se, and CdTe absorbers. These materials belong to the family of
chalcogenides, which commonly includes sulfides, selenides and tellurides.
Chalcogenide materials look back on over 40 years of research for photovoltaic applica-
tions [14], however, there is still little knowledge about these materials in comparison to
Si-based solar cells, where photovoltaic applications profit from decades of research in
microelectronics.

In this chapter the key characteristics of CIGS and CdTe solar cells are summarized and
serve as a basis for further discussions about metastability issues.

Chalcogenide solar cells are heterostructures formed by a metallic back contact, a semi-
conducting absorber layer and a window layer emitter, which is transparent for most
parts of the solar spectrum. CIGS and CdTe are direct band gap semiconductors, which
makes them strong optical absorbers and allows for thin layers in the range of 1-3 um.

The absorber material in these solar cells is polycrystalline, however, grain dimensions
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Chapter 2. Chalcogenides as Photovoltaic Materials 15

can extend across the entire absorber thickness.

Due to the polycrystalline structure the materials contain many intrinsic defects leading
to traps and recombination centers, which drastically limit the diffusion length. For
better carrier collection rates it has proven to be advantageous to replace the emitter
with a wider band gap window layer, which minimizes front surface losses.

Although CIGS and CdTe are in principle available in both p- and n-type, heterojunc-
tion designs with p-type absorbers and n-type window layers have resulted in far better

cell performances than the respective homojunctions [11].

2.3 Cu(In,Ga)Se; solar cells

The history of Cu(In,Ga)Se, (or simply CIGS) solar cells began in the 1970s when
Bell Laboratory scientists created a 12% conversion efficiency CulnSe, cell [15]. Conse-
quently, Cu(In,Ga)Se, cells were discovered and different deposition techniques explored
with varying success (deposition-reaction, co-evaporation,...). Today, CIGS record cells
have surpassed polycrystalline silicon cells and the material is the most advanced among
all thin film technologies with a solar conversion efficiency of 20.8 % on a glass substrate
[16] and 20.4 % on a flexible substrate [17] and a verified record of 20.9% by Solar
Frontier [18]. Top efficiencies for commercially available modules currently range from
14-16%), still leaving a large gap between laboratory record cells and large scale applica-
tions.

With about 1.27 GW produced PV modules in 2013 CIGS technologies make up roughly
30% of thin film PV production, however, the overall market share has been declining
in recent years and is now at 3%][19].

The following sections will elaborate on the physical principals and properties of CIGS

solar cells, highlighting benefits and challenges of this material for solar cell applications.

2.3.1 Cu(In,Ga)Se; structure and composition

Cu(In,Ga)Se, is a semiconducting mineral in the group of chalcopyrites. It is a solid
solution of the ternary compounds copper indium selenide CulnSe, and copper gallium

selenide CuGaSe,, both of which also function as photovoltaic materials [12].

A common CIGS solar cells stack consists of five layers and is illustrated in figure 2.6.
A typical CIGS cell is grown in a substrate configuration with either glass or a flexible
material like a metal or polyimide sheet as a substrate. After cleaning the substrate,
typically a thin layer of 0.3-1 um polycrystalline Mo serving as the ohmic back contact
is deposited by sputtering. The p-type Cu(In,Ga)Se, absorber is then deposited on top
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16 Chapter 2. Chalcogenides as Photovoltaic Materials

/ Window i-ZnO/ZnO:Al  0.25-1 pum
— — Buffer CdS or other 10-70 nm
A A
N E\;&\ &i— Absorber Cu(In,Ga)(5,Se); 1-3pm
NN 2771
Back contact Mo 03-1um
- Substrate Glass, metal, polymer

FIGURE 2.6: Layer structure of a typical Cu(In,Ga)Se, solar cell stack. The n-type
optical window layers consisting of ZnO:Al, i-ZnO and a buffer layer are grown on top
of the p-type CIGS absorber.

of the back contact with a thickness of 1-3 pym by processes like co-evaporation, CVD,

The p/n junction of the heterostructure is usually completed with a 10-70 nm n-
type CdS buffer layer applied by chemical bath deposition, a sputtered weakly n-type
intrinsic ZnO layer (50-70 nm) and finally a sputtered heavily doped n-type ZnO layer.

®
N

°

/

FIGURE 2.7: CIGS unit cell. Red = Cu, yellow = Se/S, blue = In/Ga [20].

Absorber  The ratio of gallium and indium in Cu(In, ,,Ga,)Se, can be varied in
between either of the ternary compounds, which serves as a method to adjust the band
gap of the semiconductor between 1 and 1.7 eV [21]. Also, some selenium atoms may be
replaced by sulfur (Cu(In,Ga)(S,Se),), which is a preferred procedure for some deposition
techniques.

The basic crystal structure of CIGS is shown in figure 2.7, where the blue spots can
be occupied by either In or Ga atoms and the yellow spots by Se with some possible
S replacements. Surprisingly, CIGS can function as a photovoltaic material in a wide
range of off-stoichiometric compositions, making it a defect-rich material.

Growing Cu-poor CIGS creates native defects resulting in a naturally doped p-type
absorber [14]. Using soda lime glass shows significant growth and device improvements
due to the migration of Na-atoms from the glass into the active layers of the cell [22].

This can have a beneficial effect on grain sizes and the formation of the p/n junction
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Chapter 2. Chalcogenides as Photovoltaic Materials 17

during the growth process resulting in an increased hole carrier density. Models proposed
in literature suggest Na mitigating antisite Inc,, donor defects [23], introduction of Nay,
antisite defects increasing the acceptor density [24] and Na compensating donor-like Se

vacancy defects [25].

Buffer layer The buffer layer forms the contact between the absorber and the window
layer. Ideally, the buffer layer is transparent for the relevant part of the solar spectrum,
because it is assumed that charge carriers in the buffer layer are not collected and possibly
recombine due to small carrier lifetime or interface recombination. It is considered
a passivation layer for absorber surface states and acts as the electrical and optical
transition layer between the p-type absorber and the n-type window [26]. A prominent
material used for the buffer layer is CdS with a band gap of £, = 2.4 -2.5 eV. Because
of the low band-gap of CdS, the quantum efficiency of high energy photons is limited,
leaving room for the development of alternative buffer layer materials [27]. Widening
the band gap and eliminating the toxic material Cd from CIGS solar cells altogether

poses a viable goal for the future.

Window layer The window layer serves as a transparent low resistant contact to
the cell. In addition it acts as a diffusion barrier for chemical elements entering the
junction and forms a high resistant layer to disable local contacts between absorber and
window (shunts) [12]. ZnO is commonly used to complete the p/n junction due to its
n-type conduction properties. A large band gap (Ey = 3.3 eV') makes the window layer
transparent to the visible part of the spectrum and enables absorption to mainly take
place in the CIGS layer. Typically, a roughly 300 nm thick layer of low sheet resistance
Al doped ZnO builds the low resistance window (LRW), with doping concentrations
> 10 ¢m™. An about 100 nm thick layer of intrinsic (undoped) ZnO between the LRW
and the buffer layer acts as the high resistance window (HRW) [12].

2.3.2 Band diagram and space charge region

Figure 2.8 shows the band diagram of a ZnO/CdS/CIGS heterojunction in thermal
equilibrium. The buffer layer introduces a small positive CBO to the conduction band.
At a first glance this barrier might not seem beneficial for electrons being drawn from the
p-type absorber to the n-type contact by the electric field in the SCR. With a Fermi level
Er at the interface close to the conduction band, current losses due to recombination
at the interface can be minimized [28]. In this inversion case, the n-type CdS layer
is completely depleted and minority carriers from the absorber are majority carriers

at the interface. Hence, they are not subject to significant recombination [5]. The
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18 Chapter 2. Chalcogenides as Photovoltaic Materials

i-ZnO/ CdS Cu(In,Ga)Se,

n-type p-type

FIGURE 2.8: Band diagram of a ZnO/CdS/CIGS heterojunction. The band bend-

ing according to the respective electron affinities creates a spike (AE.(CdS/CIGS))

and a cliff (AE,(CdS/CIGS)) at the buffer layer/absorber interface and a cliff
(AE.(ZnO/CdS) and AE.(ZnO/CdS)) at the window/buffer interface.

electrical junction is now located entirely in the p-type absorber region and this effect
can be enhanced by a positive CBO at the absorber/buffer interface. By modelling
the charge transport and recombination, the effect of the CBO AFE, can be assessed.
The most beneficial parameters are observed for AFE, < 0.5 eV, where the electrons are
moved across the interface by a thermionic emission process [29]. If the CBO becomes
negative, the theory [29] predicts, that the electrical junction is located closer to the
material interface and recombination limits the V.. If the spike is too large, however,
the collection of minority carriers from the absorber is obstructed, resulting in a reduced
Jse and F'F.

2.3.3 Defects

As discussed in the previous section, in highly efficient solar cells, the CIGS absorber
needs to exhibit p-type characteristics deep in the bulk, whereas an n-type inversion of
the absorber is required close to the interface of the buffer layer [28, 30]. CIGS can
be grown p-type under Cu-poor conditions, where the resulting native impurities act as
dopants and make extrinsic doping unnecessary. In fact, active n-type doping creates a
buried p/n junction, which significantly decreases the cell performance. The beneficial
case of an above midgap Fermi level is instead created by the formation of a p/n junction
with a matching set of a buffer layer and ZnO window layer [28].

While avoiding external doping offers technological advantages, relying on native impu-
rities as dopants results in less controllable doping concentrations [31]. Shallow defects
have energy levels close to one of the band edges, which makes them responsible for the

doping of the crystal. For growing a strong p-type absorber, for instance, low formation
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Chapter 2. Chalcogenides as Photovoltaic Materials 19

energies AH of shallow copper vacancies V, and Ing, defects are necessary. Low AH
is a consequence of a weak Cu-d-Se-p bond and also inhibits the formation of a strong
n-type region in the absorber [31]. Controlling Cu vacancies is therefore essential to
achieving high efficiency CIGS cells. Because the formation energy of defects AH and
the position of the Fermi level are generally mutually dependent on each other, control-
ling defect concentrations in the absorber can be a difficult task.

First principles calculations reveal that in off-stoichiometric, Cu-deficient CIGS, ImCu2Jr
donors andV ¢, acceptors can occur in large concentrations of several percent with an
ideal concentration ratio of 1:2. Their electric activity, however, can be compensated
by the formation of charge neutral (Inq, — 2V,,) defect pairs due to their significant
binding energy [32].

Deep defects, on the other hand, have energy levels close to the center of the band gap

and are often associated with metastable effects in CIGS solar cells [31].

2.3.4 Metastabilities

This paragraph shall give a brief summary of past findings on metastabilities in CIGS
solar cells and various models of explaining the effects.

CIGS solar cells can exhibit metastable behavior in their electrical parameters due to
illumination or bias. A temporary increase or decrease of the open circuit voltage or the
fill factor usually relaxes after illumination under dark storage conditions, which is why
they are commonly referred to as metastabilities. Overviews of metastable effects and
possible explanations are given by Scheer and Schock in [12] and by Eisenbarth in [33].
Early work on this matter describes a voltage and fill factor increase following light
exposure and subsequent relaxation in the dark back to original values [34]. It was
assumed that an external forward bias has the same effect on the cell as light soaking
[34, 35]. The observed metastabilities on current-voltage (IV') characteristics later also
became apparent by a number of other experimental results. A reversible rise in the
junction capacitance after illumination was found by admittance measurements of CIGS
cells [36] and by deep level transient spectroscopy (DLTS) [37]. Also, an increase in
the space charge density was noticed in capacitance-voltage (CV) profiles [38, 39]. This
supported the interpretation of persistent photoconductivity in CIGS absorber layers
after illumination [40, 41] of pointing to an intrinsic feature of the polycrystalline CIGS
material.

Later, it was found that illumination with either red, blue or white parts of the visible
spectrum causes different responses in the cell behavior [42]. In [42] red light JV curves
exhibit a kink (figure 2.9) in the fourth quadrant, which disappears after sufficient white
light soaking.
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20 Chapter 2. Chalcogenides as Photovoltaic Materials

IV

F1GURE 2.9: A kink in the light JV curve is a very pronounced form of voltage depen-
dent photo current, caused by a barrier for the photo current. Different explanations
for the origin of the barrier are given in [12].

The question whether metastable effects originate in the absorber layer or in the buffer
layer was raised by [39] and is supported by observations of more pronounced metastable
effects in CIGS devices with alternative non-CdS buffer layers [43, 44].

In table 2.1 a summary of observed metastable effects in CIGS films and solar cells is

given according to Scheer and Schock [12].

Primary bias Secondary bias Primary References
condition condition parameter
Red light T ~ 300 K ct [45]

ot [46]

Ng 1 [39]
Blue light Voe, T~ 300 K FF? [42]
White light Open circuit Voe, FF,C 0 [34, 36, 45]
Forward bias Dark, T~ 300 K V.1 [34]

ct [47]

Nap [37, 48]
Reverse bias Dark, T~300K C1* [47]

FF| [49]

Ng 1 [50]

TABLE 2.1: Summary of observed metastabilities and their impact on electrical so-
lar cell parameters in CIGS solar cells [12] with the solar cell capacitance (C) and
conductivity (o).

When talking about transient effects in CIGS solar cells, it is important to define a

relaxed state, which is the starting point of any metastable change.

Relaxed state A CIGS solar cell, device or absorber which has been stored in the
dark for several hours at elevated temperature (330 K) or for an even longer period at
room temperature can be considered being in a relaxed state. Obviously, the relaxed
state is difficult to analyze, because an illuminated JV characteristic or electrical bias
will change the state of the device.

For field performance of devices, the relaxed state is not relevant, because the electrical
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Chapter 2. Chalcogenides as Photovoltaic Materials 21

parameters during operation will be different from the relaxed state. However, the
relaxed state can reveal viable information about CIGS cell behavior. Experimentally,
the relaxed state is approximated by low temperature (< 100 K) and a measured JV
curve under red light. Scheer and Schock [12] give a list of hypothetical characteristics,
which should be found in the relaxed state of a CIGS device:

e A net acceptor concentration of Ny, = 10" em™2 or lower in the CIGS absorber

A V,. below its optimum value in the order of 10mV

A low FF due to a voltage dependent photo current, potentially accompanied by
a kink in the JV curve

A cross over of the dark and light JV curves

Under these assumptions, a relaxed CIGS solar cell is far away from an ideal solar cell
performance. Illumination or electrical bias can help by putting the cell in a metastable
state, which might enhance electrical performance parameters. Unfortunately, CIGS
solar cells exhibit strongly varying metastable behavior depending on stack design, ma-

terial compositions and quality of films.

Red light effect Red sub band gap or near band gap illumination passes rather
unaffected through the window and buffer layers due to their higher band gap energies
and is mainly absorbed in the CIGS absorber layer. The red light soaking was observed
to cause an increase in the lateral conductivity of CIGS films within the range of hours
[41]. A slow decline to the initial value in a longer period of time is characteristic after
switching off the illumination [36], which shows that CIGS films exhibit metastable
persistent photoconductivity'. Red light soaking causes an increase in mobility and an
increase in the hole density [41]. The latter is also confirmed by a rise in the junction
capacitance [51]. C-V profiling verified an increased net acceptor concentration N4 g
after red light soaking, extending far into the absorber bulk and attributed to a Se-
Cu divacancy complex [47], which will be described in the next section. These low
temperature capacitance measurements [47] also show a temperature dependency in the
metastable capacitance and conductivity increments, which suggests a required thermal
activation. Cu-rich grown cells exhibit a smaller change in the space charge capacitance
after red light illumination [52]. In these samples the density of Se vacancies is reduced
in comparison to Cu-poor absorbers.

Scheer and Schock [12] summarize expected metastable behavior in the V. caused by

an increase in the hole concentration upon red light soaking:

!Persistent photoconductivity occurs in many semiconductor materials such as GaAs, CdS, MoSe,
and ZnO [12] and describes the observed enhanced conductivity upon illumination.
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22 Chapter 2. Chalcogenides as Photovoltaic Materials

¢ An increase in the absorber doping N4 , may lead to an increase in V., for devices
where efficiency is mainly constrained by recombination in the SCR. This is caused

by a narrowing of the zone around n = p and hence less recombination in the SCR.

e For cells where recombination in the quasi neutral region (QNR) is dominant,

increased absorber doping can also result in a higher V.

e In devices which do not show Fermi level pinning at the absorber/buffer interface
but are still limited by interface recombination, V. will decrease with increasing
Na,,. This is caused by a decreased drop in the absorber potential with increasing
Nya-

e For devices with Fermi level pinning, V. should be unaffected, because interface
recombination is independent of N4 ,. If, however, interface recombination be-
comes complemented by tunnelling effects, V. is expected to drop with increasing
Nag.

While most reported red light effects on CIGS observed an increase in V., a decrease
was also found [39]. Effects on the fill factor were reported as small and both enhancing
[45] or decreasing [52].

The metastable state induced by red light starts to anneal above 300 K [12], which
supports the common practise of dark storage for several hours in order to get to the

relaxed state.

Forward bias effect Forward bias in the dark has a similar effect on CIGS devices as
red light soaking does. An increase in the V,. can be observed [34, 45] and the electrical
capacitance rises as a result of an increased net acceptor concentration [47]. A hole trap
at an energy of 0.26 eV found by deep-level transient spectroscopy (DLTS) showed to
grow under forward bias [37] and was suspected to cause forward bias metastability.
In modern cells, however, this trap level could not be found any more [49], while the
forward bias effect was still present [47]. Therefore, this hole trap level is not considered
a cause but rather a result of the forward bias metastability effect. Instead, a trap called
N1 has been associated with metastable behavior. The trap activation energy varies and
was found to shift to lower levels upon forward bias [53].

The forward bias effect is proposed by NREL as a procedure to activate modules prior
to I -V characterization instead of light soaking [54]. Because illumination under open
circuit conditions automatically generates a forward bias in the junction, the forward bias
effect was initially regarded as the cause of the metastable red light behavior. Also, the
forward bias effect can be annealed at elevated temperatures back to the relaxed state.

The current understanding, however, regards both types - red light and forward bias
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Chapter 2. Chalcogenides as Photovoltaic Materials 23

- as the cause for an increased minority carrier concentration in the absorber material
[12]. The availability of electrons in the absorber might be the common feature for both

effects.

Blue light effect Light soaking of relaxed CIGS cells with blue light is associated
with an increase in the fill factor, a reduced cross over between dark and light IV
curves [12] and the removal of a red kink in the IV curve [33]. Also, a decrease in
the junction capacitance has been observed [51]. Illumination with blue photons of an
energy hv > Eg pyffer suggests that the blue light metastabiliy is triggered by photons
absorbed in the buffer layer [42]. Time constants for relaxation seem to be different for
blue light illumination with observed F'F improvements persisting for a few minutes at
room temperature [42].

In EBIC experiments the blue light effect can be reproduced with electrons irradiated at
the cell’s interface, where a barrier for the current in the relaxed state can be persistently

removed [55].

White light effect Because white light contains both red and blue photons, often a
combination of both metastable effects can be observed with V,. and F'F' increase and
persistent photoconductivity in the CIGS absorber. With an increase in the junction
capacitance, it is argued that the red light effect dominates [12]. The available literature
suggests that the white light soaking has a stronger effect on cells with Cd-free buffer

layers.

Reverse bias effect Above 300 K at a voltage bias of =1V a decrease in F'F' can
typically be observed [50] along with an increase in the junction capacitance [38]. The
question wether reverse bias brings a cell in metastable condition back to the relaxed
state appears to be refuted by C-V measurements, where it is shown that the capacitance

after reverse bias is larger than in the relaxed state [52].

2.3.5 Models for metastabilities

Several models have been developed in order to explain the mestastable behavior of
CIGS solar cells in its various aspects and shall be briefly introduced in the following

paragraphs.

DX center model DX centers are deep levels in the absorber associated with donors.

A well studied model of DX centers in AlGaAs describes a defect relaxation effect [56]
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24 Chapter 2. Chalcogenides as Photovoltaic Materials

and serves as a physical explanation for CIGS metastabilities. Defects with strong
electron-phonon coupling can undergo transitions from shallow to deep levels after elec-
tron capture and increase the net acceptor density [36, 37]. This might be an explanation
for an increase in the space charge density and the persistent photoconductivity observed
after light soaking or after forward bias influence. An increase in V. is then explained by
a reduction in the SCR where Shockley-Read-Hall recombination is prevailing. Density
functional theory (DFT) calculations revealed that defects such as Ing, antisites show

DX-type behavior with shallow-to-deep transitions upon charge carrier capture [57].

Cu-migration model For small E,, the formation enthalpy for V, can become
negative, resulting in spontaneous formation of copper vacancies

Cucu I VCu_ + CU.-+. (225)

1

This has been shown theoretically [58] as well as experimentally [59]. The mobile Cu,"
ions drift away from the heterointerface under the influence of a reverse bias electric
field with a diffusion constant of 10713 to 107!° em?/s, leaving behind V,  acceptors

[60]. This leads to an increased negative space charge density near the interface region.

CdS photodoping model A cross over of dark and light JV curves is generally not
observed in cells where all photons are absorbed in the CIGS bulk layer, however, it
can be found in many CIGS devices. The cross over and the red kink in JV character-
istics can be ascribed to a spike in the conduction band coupled with a low net doping
concentration in the CdS buffer layer causing a photocurrent barrier [42, 61]. This
barrier seems to disappear upon illumination with blue light and is explained in the
CdS photodoping model as a modification in the occupation of deep states in the CdS
buffer layer, illustrated in figure 2.10. A reduction in the barrier across the buffer layer
can also relate to an increase in the FF upon illumination with blue light. Experimen-
tal observations of JV curve cross over and red kink in cells with different absorber and

buffer compositions and thicknesses could be ascribed to the photodoping model [62, 63].

In contrast to the photodoping model, interpretations of admittance spectroscopy lead to
a different conclusion. Admittance spectroscopy of CIGS cells reveal signatures, which
correspond to defect states, however the exact spatial location of the defects cannot
directly be measured. For many years the defect density level N1 was understood as
a donor defect at the CdS/CIGS interface, which required Fermi level pinning at the
heterointerface [64]. A pinning, however, would not allow for changes in the effective

conduction band barrier upon increased CdS doping and therefore not be consistent
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a) b) )
n-CdS n-CdS with deep n-CdS with deep levels

levels near midgap near midgap

under blue illumination  piue photons
Fondiclionbapd === = === === = =ge= f
EE N RN N T N ——— !’7 '3 eeo
++++++ + ++++++ + +++++++
000000 e ©

many free electrons in the CB, very few free electrons in the greatly increased hole density
donors below the CB edge, CB, acceptor-like defects near due to photogenerated
very few holes in the VB midgap mostly occupied, electron-hole pairs, deep

very few holes in the VB levels only somewhat
occupied due to increased
hole capture rate, many free
electrons due to decrease in
deep level density

FiGURE 2.10: The CdS photodoping model explains how phenomena observed in JV
characteristics (cross over, red kink) can be related to mid gap defects in the CdS buffer
layer. [42].

with the CdS photo doping model [65]. In order to reconcile the two models, a p+ layer

with deep acceptor levels was assumed to be present close to the heterointerface.

p+ layer model In this model a highly doped p-type region is assumed to be present
in the absorber close to the interface. The accumulated acceptor concentrations in this
region create a photocurrent barrier in the band, which relates to poor FF, but is subject
to metastable changes after illumination [30]. The FF improvement, however, is linked
to the net doping of the absorber region close to the interface rather than to the potential
drop across the buffer layer [53]. Under blue light soaking, holes created in the buffer
layer are assumed to get trapped by the close p+ layer, resulting in a reduced space
charge density and a reduction in the photocurrent barrier. Experiments with reverse
biasing cells exhibit a loss in FF, which can be explained by an increase in the p+ layer

that leads to a higher photocurrent barrier [53].

Amphoteric defect model So far the most comprehensive model accounting for
metastable red and blue illumination effects as well as the reverse bias effect was proposed

by Lany and Zunger [66, 67]. The amphoteric defect? model suggests a Se-Cu divacancy

2The term amphoteric is derived from the Greek word meaning ”both” and refers to defects, which
can exhibit either donor or acceptor configuration and different charge states.
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26 Chapter 2. Chalcogenides as Photovoltaic Materials

complex (Vge — Vi) based on DEFT calculations to be the source of metastable effects in
CIGS solar cells. The (Vs — Vi) complex was found to exist in two different structural
configurations isolated by energy barriers. In CIS and CIGS with a low Ga concentration,
the donor configuration with a charge state 0 and 1+ creates a shallow n-type donor
level. In CGS and CIGS with a high Ga concentration, only the donor level with a
charge state 1+ occurs. The acceptor configuration results for all CIGS compositions in
either a shallow p-type acceptor level with charge states 0 and 1- or in very deep 2-
and 3— acceptor states. The model predicts a highly p-type region in the absorber close
to the buffer interface, similar to the p+ layer model [33].

Transitions between the donor and acceptor states involve the thermal activation of
an energy barrier as well as simultaneous capture of electrons for donor-to-acceptor
transitions and holes for acceptor-to-donor transitions. Therefore, excess carriers present
upon illumination or bias result in a shifted equilibrium distribution of initial donor and
acceptor states of the (Vg — Vo) complex. Metastable states induced by red light
or forward bias are thought as a change in extension and charge density of the p+
type region and occur as a donor-to-acceptor transition by the persistent capture of

photoelectrons from red illumination following the defect reaction
(\/YSe_VVCu)+ te— (VSe_VCu)_ + h7 (226)

and leading to persistent photoconductivity and an increase in the net p doping and
device capacitance and a reduction in the width of the space charge region.

In contrast, the acceptor-to-donor transition is realized by the persistent capture of
holes, which were originally photoexcited in the buffer layer upon blue illumination and
swept into the CIGS absorber. The capture requires existing (Vg — Vo) complexes in

the acceptor configuration prior to blue illumination and follows
(VSe_VCu)_ +2h —> (VSe_VCu)+> (227)

and as a result, the net acceptor concentration and the device capacitance decrease.

2.4 CdTe solar cells

The first cadmium telluride photovoltaic cell dates back to 1963 and was realized by a
General Electric Research Laboratory [68]. Early promising efficiencies but unstable de-
vices were succeeded by cells well above 10 % efficiency. Due to a very forgiving material,
many different depositions techniques such as vapor transport deposition, electrodepo-

sition, spray pyrolisis and screen printing lead to the advances in CdTe solar cells.
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+E TCO Cds CdTe

AE, (CdS/CdTe)

n-type p-type

FIGURE 2.11: Band diagram of a CdTe/CdS heterojunction with conduction and
valance band offsets. Unlike CIGS, CdTe junctions do not create a spike at the ab-
sorber /buffer interface.

The current CdTe world record cell is held by First Solar at a 21.0 % conversion effi-
ciency, which has surpassed the record for polycrystalline Si cells [13]. Like for CIGS,
the CdTe technology has difficulties closing the gap between record cell and commercial
module efficiencies. Nevertheless, CdTe modules are manufactured on a GW /year scale
and make up for more than half of the entire thin film PV market to day [1]. Commercial
CdTe module production has demonstrated for several years the cost benefits thin film
technologies can have over wafer-based photovoltaics, with a total production time for
a CdTe module from simple glass to a PV module in two and a half hours [69]

The following sections will give a brief summary of the characteristic properties of CdTe

solar cells, highlighting benefits and challenges of this material for solar cell applications.

2.4.1 CdTe structure and composition

The TI-VI group semiconductor CdTe is an ideal material for photovoltaic applications
with a very high optical absorption of > 10°¢m™" for visible light and a direct band
gap of 1.44 eV, which is close to the optimum for photovoltaic energy conversion [70].
Figure 2.11 shows the band diagram of a CdTe/CdS heterojunction. The band gaps of
the buffer layer and the window layer are 2.4 eV and 3.6 eV respectively. Like in CIGS,
the direct CdTe semiconductor leads to a very thin active absorber layer of only a few
um being able to absorb more than 90 % of relevant above band gap photons.

CdTe devices are typically fabricated in a superstrate structure, where the layers are
deposited on a glass substrate in the same order as light is passing through the device,

starting with the front contact/window layer (figure 2.12). Interdiffusion between the
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Substrate Glass
Window TCO bilayer 0.2-0.5um
Buffer CdS (n-type) 50-100 nm
/ — ) —
\\ ////;\\ ////; ————— Absorber CdTe (p-type)  2-5um
Mkl
R i Back contact primary (semiconductor),
n secondary (metal)

FIGURE 2.12: Layer structure of a CdTe solar cell stack. The cell is typically deposited
in a superstrate configuration.

CdS buffer layer and the CdTe absorber due to the process sequence is believed to be
among the reasons why the superstrate configuration outperforms the substrate config-
uration and hence is preferred. Most commonly, low iron soda lime glass or borosilicate
glass serve as substrates for CdTe devices, however, polymer foils can also be used in

the superstrate structure, where efficiencies above 11 % have been realized [71].

Window layer Depositing the window layer directly onto the substrate in the super-
strate configuration has several advantages. Deposition temperatures are only depen-
dent on the substrate and hence can technically be high in case of using glass. Generally
speaking, a glass substrate also provides a very smooth surface, which facilitates creating
degradation resistant layers. Besides these advantages, being the first layer deposited,
the window layer has to survive subsequent process steps.

Most high efficiency CdTe solar cells rely on a bilayer window with a low and a high
resistance part (LRW, HRW). Due to the band gap of the absorber, the window layer
only needs to be transparent in the visible range up to 900 nm. The HRW serves the
purpose to prevent shunts but positive impacts on V,. and Js. have also been reported

[72] as well as an increased red light carrier collection [73].

Buffer layer Most efficient CdTe devices rely on a CdS buffer layer. It is photo-
electrically mostly inactive, grows natively n-type and is used to increase the minority
carrier lifetime by passivating surface states and reducing reflexion losses. However, the
buffer layer also absorbs otherwise useful photons and it is generally assumed that car-
riers generated in the buffer layer recombine and cannot contribute to carrier collection.
For practical reasons, the CdS layer is often deposited with the same technique as the
CdTe absorber, however, chemical bath deposition or chemical vapor deposition of the

buffer may yield better results [12].
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Chapter 2. Chalcogenides as Photovoltaic Materials 29

The thickness of the layer needs to be delicately tuned, since very thin CdS layers
< 100mm can lead to local shunts between the window and absorber, which is expressed
in reduced values of V,. and FF [73]. The overall benefits of a buffer layer are currently
regarded in the passivation of surface states of the CdTe absorber and an advantageous

band transition between window and absorber [12].

Absorber  Although CdTe can technically also be doped n-type, common solar cell
designs rely on the native p-type absorber. Due to a high formation enthalpy, CdTe is
thermodynamically very stable with a melting temperature much higher than its indi-
vidual constituents. Among the depositions processes suitable for the growth of efficient
CdTe solar cells are physical vapor deposition (PVD), close space sublimation (CSS),
vapor transport deposition, sputter deposition, electro deposition, metalorganic chemi-
cal vapor deposition (MOCVD), spray pyrolysis and screen printing. First Solar, Inc.,
the world’s largest thin film PV manufacturer, relies on the vapor transport deposition
process and currently holds the world record for CdTe solar cell efficiency [74].
Applying the above mentioned deposition techniques for thin film growth results in a
polycrystalline structure with grain sizes in the range of around 1 pm. After deposition,
the absorber is activated with a CdCl, treatment, wich significantly enhances the per-
formance parameters of the device. The CdCl, treatment helps the junction formation
at the CdS/CdTe interface [75], facilitates recrystallization of small grains and passi-
vates grain boundaries [76]. Consequently, electrical parameters (i.e. Vo, Js. and FF)
improve significantly. Recently, MgCl, was proposed as a cheaper and environmentally
friendly substitute for the toxic CdCl, activation step, bringing forth the same benefits
to CdTe device performance [77].

2.4.2 Defects

A direct relation between defect densities and device performance has not been proven
thus far [12], nevertheless, it is essential to understand defects for further technological
improvements.

The position of the defect level in the band diagram determines the nature and effects
of the defect. Levels within the band gap can roughly be classified into recombination
centers, electron traps and hole traps. While electron trap levels lie close to the con-
duction band edge, hole trap levels are close to the valence band edge. Traps tend to
re-emit a captured charge carrier back to its original state, midgap levels, however, are
associated with recombination centers, where both trapped charges can be trapped and
therefore are more likely to recombine then being re-emitted. Deep recombination cen-

ters therefore directly reduce the V. of a device.
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30 Chapter 2. Chalcogenides as Photovoltaic Materials

The defect type is determined by the capture rate and to define a level between traps
and recombination centers, a so-called demarcation level can be introduced [12]. For
p-type semiconductors, defect levels between the hole quasi Fermi level Er, and the
demarcation level act as recombination centers (figure 2.13) and vice versa in n-type

semiconductors. Generally, it can be distinguished between intrinsic defects and defects

p-type n-type
E Ec
c __—electrontraps ————_ _ _ _ _ _ _ __ ___._ E
demarkation level == —=-—--—————__ Fn
Bpn ===---------- _/ recombination/
centers
——————————————— Erp
o demarkation level
Fp ============-=- hole traps ——
E, P E,

FI1GURE 2.13: The demarcation energies show the dominant defect type at a certain
energy level in the band gap. Midgap levels, or deep centers are associated with recom-
bination centers, while defect levels close to the band edges are electron or hole traps
which tend to re-emit the captured charged carrier again. The energy levels defining
recombination centers is marked by the demarcation level and the quasi Fermi levels
for holes Er, and electrons Ep,, in the p- and n-type semiconductor respectively [12].

from impurities. Intrinsic defects occur as interstitials, vacancies or antisites and at
shallow energy levels they can be present as donors or acceptors. However, according to
calculated defect levels in the CdTe band gap [78], most intrinsic defects lie below the
demarcation level and are considered deep recombination centers.

Impurities, on the other hand, generally appear as shallow defects [78] where they can
act as donors or acceptors.

The chlorine treatment alters the hole concentration in the absorber and changes the
defect levels by introducing O, Cl and Cu atoms. More defects can generally be found in
CdTe devices with no or insufficient chlorine treatment [79]. The healed defects mostly
originate from grain boundaries, where problematic lattice mismatch results in high

defect densities.

2.4.3 Metastabilities

Under non-equilibrium conditions such as illumination or bias, the occupation of deep
defects can shift. Different capture cross sections for electrons and holes lead to a defect
state occupancy in favor of one charge carrier type, which in turn influences the energy
bands.

For example, if the capture cross section for holes in the absorber is significantly larger
than for electrons o, > o,, more holes will be trapped in deep acceptor states upon

illumination. As a result, the net negative charge close to the buffer interface will be
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Chapter 2. Chalcogenides as Photovoltaic Materials 31

reduced, which also reduces the charge density in this region. The band diagram under
illumination will therefore resemble one without deep defect states [12].

Deep acceptor defects in the buffer can also be altered by light. If the majority of these
deep states is occupied, the region is negatively charged in equilibrium conditions. Under
illumination, however, if o), > 0, the deep acceptor defects states are emptied due to a
discharge by photo generated holes. Positively charged donors change the space charge
in a way that the buffer space charge can partly compensate the absorber space charge,
which leads to a reduction in the band bending of the buffer layer.

CdTe solar cells can be subject to anomalies in the behavior of the JV curve, which may

() (b)

FIGURE 2.14: Roll over (a) and cross over (b) anomalies in JV curves of chalcogenide

solar cells. A roll over shows the limitation of the diode current at forward bias, which

is mostly due to a barrier for the diode current at the back contact. Cross over describes
the intersection of dark and light JV curves at forward bias.

change after illumination or bias. In the roll over effect for a dark or a light JV curve
(figure 2.14(a)), the current is limited at forward bias. This can generally be ascribed to
a barrier for the diode current located at the back contact [80, 81] and has been observed
in CdTe solar cells [82]. Roll over effects with currents not completely limited, but still
some voltage dependence can also occur [83].

Another anomaly that can affect poorly efficient cells as well as high efficient devices is
the cross over of the dark and the light JV curve [84], where the curves intersect at a high
forward bias (figure 2.14(b)). The effect can be ascribed to an electron barrier at the
conduction band edge in the interface region between absorber and buffer [85, 86]. This
barrier can be reduced by blue illumination and hence photodoping of the buffer layer,
resulting in a higher diode current under illumination [87]. Different occupations in deep
acceptor states in the buffer layer can cause a shift of the electron barrier. However, also
charged states in the interface region of buffer and absorber may influence the electron
barrier.

If a roll over and a cross over are observed in the same device, the cross over might also

be caused by recombination at the back contact [88]. This also results in a higher diode
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32 Chapter 2. Chalcogenides as Photovoltaic Materials

current upon illumination.

Metastabilities affecting the V,. of a CdTe solar cell have also been recorded in the
literature. Typically, an increase between 2-6 % upon light soaking was noted [35,
89]. The increased V. regresses after storage in the dark. A V. increase may also be
counteracted by stressing a cell through short circuiting or reverse biasing it.
Metastable effects can also manifest in the current with either an increase [90] or decrease
[91, 92] upon illumination. A hysteresis in the JV curve depending on the voltage
sweep direction can be observed and typically, cells with a low performance show a
stronger expression of the effect [92]. This is also the case for permanently degraded
cells and modules [89]. Proposed models for the current metastability include charged or
discharged states of deep defects, which can cause a potential reduction in the absorber
[92]. This way, both an increase or decrease in the the diode current could be explained.
Metastabilities caused by charged defect states are reversible and reproducible [12],
however, another class of metastable effects describes jumps in the JV characteristic,

which are thought to stem from nonlinear shunt paths through the junction [90].
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Chapter 3

Verifying Metastable Effects

There are several ways to approach the topic of metastabilities in chalcogenide solar cells.
Obviously, defect characterization techniques applied in various illumination states of
cells can give indications about the underlying mechanisms, which drive metastabilities.
Several research groups have used admittance measurements such as capacitance-voltage
(CV) profiling, admittance spectroscopy (AS) and deep level transient spectroscopy
(DLTS) among others to learn about the defect characteristics of thin film PV devices.
Admittance measurements rely on an applied ac-voltage and the subsequent current re-
sponse from the cell. They utilize the capacitive characteristics of cells which originate
from the cell geometry, the depletion region, voltage dependent diffusion, barriers (a
second depletion region) and the charging and discharging of defect states. This works
for processes in the cell where charge carriers are able to follow the frequency of the
ac-signal, which is also dependent on temperature [93, 94].

While these defect analyzing techniques are very valuable for the fundamental under-
standing of metastabilities, they are not very applicable to encapsulated devices and
modules of large size. The methods used in this work mainly rely on the analysis of
the JV characteristic for both cells and modules, as well as measurements of quantum
efficiency, photoluminescence and x-ray diffraction, which give the most insight on prac-
tical device behavior.

The following sections will elaborate on these methods, their functional application and
interpretation pitfalls and go into detail about utilized measurement set-ups. Current
guidelines for measurement practices and especially standards for module characteriza-

tion will be reviewed and discussed.

33
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34 Chapter 3. Verifying Metastable Effects

3.1 Cell characterization

Compared to standard Si based cells, CdTe and CIGS thin film solar cells diverge in
their device performance characteristics, which necessitates a closer assessment of per-
formance measurements and analysis.

Despite major differences in composition, device structure and processing between CdTe
and CIGS, these technologies have much in common regarding their performance behav-
ior.

Starting with the sun as our energy source, the output of a solar cell needs to be com-
pared to a standard power density spectrum of solar radiation. This standard is called
the AM1.5 standard spectrum and corresponds to solar irradiation outside the earth’s
atmosphere (AMO) after passing through 1.5 times the air mass of the atmosphere.
These AM1.5 conditions can be found at a solar zenith angle of 48.19° and the incident

power on a flat surface is equivalent to 1000 W /m? or 100 mW [em?.

3.1.1 Quantum efficiency

The QE measurement provides the basics for understanding the short circuit current of
a solar cell by measuring the conversion efficiency spectrally resolved. Thereby, the QE
is given as a dimensionless ratio of collected electrons per incident photons at a given
wavelength. External QE does not take into account optical losses from reflection or
transmission. By subtracting these losses, the internal QE, which is only due to the
photogeneration and collection in the absorber, can be obtained. For crystalline Si cells
it makes sense to define QE;n7 as QE/(1 — R), however, in thin film solar cells, this
definition for QE; 7 oftentimes needs to be adapted, since reflections can also occur at
all layer surfaces, which cannot be quantified with a simple reflectance measurement.
Integrating the product of the quantum efficiency (figure 2.3) with the solar AM1.5
spectrum gives the short circuit current density J,., and typically it is a good verification
of the QE measurement. This is especially the case for well behaved crystalline Si
solar cells, however, thin film devices can show deviations when the carrier collection
is dependent on the incident photon density and the spectrum [95]. Different from
crystalline Si devices, optical losses can occur in the TCO layer or in the buffer layer,
while electronic losses are mainly accounted for by recombinations in the absorber.
Figure 3.1 schematically shows the respective loss areas in a QE graph, as analyzed in
more detail in [10].

Care must be taken when the QE measurement is done under a voltage bias. Transport

in chalcogenide cells is only restricted by the minority carriers in the p-type absorber
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FIGURE 3.1: Optical and collection losses affect different spectral parts in the quan-
tum efficiency curve. In this example two CIGS QE curves with different buffer layer
materials are shown.

i.e. electrons. For these cells QE;n7 can be approximated by

(W (V)

(VL1 (3:1)

QENnT(A\ V)21 -
with the absorption coefficient a(\), the width of the space charge region W (V') and
the effective diffusion length L [96]. Because of the voltage dependency of W (V'), the
quantum efficiency QErn7(A, V') also relies on the applied bias.

A typical quantum efficiency setup utilizes a monochromatic light source to detect
the response from the solar cell. Figure 3.2 shows a schematic setup for such a QE
measurement. Light from a stable light source is chopped and put either through a
monochromator or a filter wheel in order to get monochromatic light. For calibration
the light is directed on a reference cell before the sample solar cell is tested. The
resulting current output of the cell is further coverted into a voltage signal and increased
with a lock-in amplifier, which is triggered by the chopper wheel. Disturbances from
temporal light fluctuations can be corrected with a monitor diode tracking the intensity
during calibration and measurement. For cells with low current output or cells sensitive
to illumination intensity, an additional bias light can be applied in addition to the
monochromatic light on the test sample.

The QE measurements done in course of this work rely on setups using monochromators.
Thereby, a high wavelength resolution and a broad spectral range can be achieved. Also,
the area illuminated by monochromatic light is only a few millimeters in diameter, fitting
entirely on a single solar cell in between any front contacts. Both, the QE setup at the
Angstrom Solar Center of Uppsala University and the setup at the Austrian Institute of

technology work with these principles. A bias light for an increased output current can
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F1cURE 3.2: The setup for measuring the quantum efficiency of a solar cell relies on
monochromatic light illuminating the test device and sensitive signal processing for
detecting the small current changes due to illumination at different wavelengths.

be applied to the cell in both cases, however, it was not necessary for the investigated

cells. Also, additional light soaking through the bias light was being avoided.

3.1.2 Current-voltage measurement

The JV analysis is the most common and a fairly easy solar cell characterization tech-
nique. Under standard reference conditions of 100 mW /em? of AM1.5 illumination at
a cell temperature of 25 °C, the basic parameters V., Js., FF and the efficiency n can
be extracted from the JV characteristic. Definitions of FF and 7 are given in equations
2.20 and 2.21 in chapter 2.
A JV measurement setup typically comprises a natural or artificial light source, a mount-
ing structure for the device under test (DUT), temperature sensors and control, an ex-
ternal load or power supply for applying a voltage or current to the cell and a device to
record the current or voltage signal from the cell. An electric circuit for a typical JV
measurement setup is shown in figure 3.3. The solar cell is biased with a variable load
while the current is measured using a four-point probe. This is necessary to eliminate
measurement errors due to the voltage drop in the current-carrying electrode connec-
tion. An error like this would change the operating point in the JV characteristic. Thus,
an additional pair of electrodes is used for a voltage measurement where practically no
voltage drop occurs across the connection, because these electrodes carry very little cur-
rent.

The international IEC standard 60904 [97] for photovoltaic devices defines the correct
JV measurement which must be applied by certified test laboratories. In a JV mea-
surement setup (figure 3.4) the illumination, temperature, electronic load and electronic

measurement need to be controlled. A light source acting as a solar simulator must be
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Fi1GURE 3.3: Circuit for a typical current-voltage measurement.
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FI1GURE 3.4: Typical measurement setup for solar cell JV characterization.

stable in spectrum and illumination intensity at least for the duration of the measure-
ment sweep. The correct illumination can be adjusted by the lamp power or the distance
to the test device. Additionally, a monitor cell is also sometimes used to keep track of

timely fluctuations in the illumination.

Since many solar cell parameters are temperature dependent, temperature control of
the device during characterization is a critical issue. For a standardized test the cell

temperature must be kept at 25 °C.

For comparing solar cells the basic parameters V., Js., FF and n proved to be very

useful, however, more information regarding the quality and characteristics of a cell can
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FIGURE 3.5: Measurement setup for JV characterization at Uppsala University.

be extracted from analyzing the entire JV curve. The difference from high efficiency c-Si
or ITI-V solar cells regarding JV behavior becomes apparent under varying light intensity
or temperature and can be ascribed to the prevalence of parasitic losses in thin film solar
cells. Therefore, a description of thin film solar cells beyond the basic cell parameters
entails the separation of recombination losses from other parasitic losses. The details of
a JV analysis for thin film solar cells are elaborated by Hegedus and Shafarman in [10].

In their paper, they describe the JV characteristic with a diode equation
J=JyemrVED L qv_ g, (3.2)

with the approximation of a largely voltage independent light-generated current Jy,
series resistance R, shunt conductance G and the ideality factor A. The diode current

Jo is expressed as
o)
Jo = Joo e awT) (3.3)

with the factor Jyg defining the prevalent recombination mechanism and the barrier
height ®,.

In order to determine the dominating recombination mechanism expressed by A and Jy,
the thin film solar cell must be well-behaved in the measurement range. That is, it needs
to be described completely by the basic diode model 3.2 with the parameters R, G, and
J1, independent of voltage.

For analyzing wether the cell is well-behaved, a detailed procedure is explained in [10].

3.1.3 JV cell measurement setup

JV characterizations performed in the course of this work were measured at the Austrian
Institute of Technology (AIT) in Vienna, Austria and at the Angstrom Solar Center of
the Uppsala University in Uppsala, Sweden. Both setups follow the principles of a typical

JV test stand explained in the previous section and in figure 3.4.
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FIGURE 3.6: Measurement test stand for JV characterization at the Austrian Institute
of Technology.

In the measurement setup in Uppsala (figure 3.5) a halogen lamp illuminates the test
plane at 100 W /m?2. The lamp height is a adjustable and after a 30 minute lamp warm
up the lamp height is set before each measurement session by comparing the output
current of a reference cell. A shutter can be placed between the light source and the
test plane in order to prevent the cell from heating up or from light soaking prior to a
measurement.

In the test plane, the cell is placed onto a piezo electric cooler, which is controlled
by a temperature probe underneath the cell. Different from figure 3.4, the electric
contacts with two tips each both connect to the cell from the front and enable a 4-point
measurement. The signal is then recorded by a data logger and processed by a computer
application. Light and dark JV curves can be measured with this test setup.

The AIT setup is very similar to the Uppsala setup, however, a dimmable mercury lamp
is used as a solar simulator. Dimming the lamp is the main mechanism for adjusting the
output to provide a uniform and constant illumination in the test plane, while it does
not affect the lamp spectrum significantly within a given dimming range. The cooling
block for the cell, which stabilizes the cell temperature by water cooling, rests on the
retractable test plane. Another cell for reference can be placed next to the device under
test on the testplane to numerically adjust for lamp fluctuations in every measurement
point. Contacting the cell from the back through the cooling block as well as with 4-
point needles and other pin designs from the front allows for testing a wide variety of
cell sizes and designs. Figure 3.6 shows the solar simulator for JV characterizations at

the Austrian Institute of Technology, where light and dark JV curves can be measured.

For another set of JV characterizations, an ICVT test stand at Uppsala University was
used. The test stand (figure 3.7) enables JV or CV measurements at different tempera-
tures with the aid of a liquid nitrogen cooled cryostat. For the experiments conducted

in the course of this work, JV measurements were conducted at room temperature only.
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FIGURE 3.7: Measurement test stand with cryostat for ICVT characterization at the
Angstrém Solar Center in Uppsala.

Four different LED lights serve as light source for the solar simulator in the spectral
ranges of red, green, blue and white. While light from single LEDs does not offer a
spectrum close to that of sunlight, and hence does not qualify for standardized cell
characterization, it can yield valuable insights when investigating light soaking effects
exhibited by the cells. Figure 3.8 shows the spectrum of the LED light sources in the
ICVT setup in comparison with the AM1.5 solar spectrum.

3.2 Module characterization according to IEC standards

The need for accurate solar module characterization is industry and market driven,
where on the one hand, a reliable power classification of solar devices is needed for PV
system design and on the other hand it is required for realistic energy yield predictions,
which are the ultimate basis for investment cost and return calculations. A few percent
difference in power rating easily translate into significant amounts of money when con-
sidering multi-megawatt PV installations.

For this reason, testing procedures for solar modules have been agreed on in international
standards. These allow certified laboratories to conduct measurements for power ratings
which also include other device aspects such as safety and aging for instance. Through-
out Europe and many other parts of the world, IEC standards are applied and define
design qualification and type approval for crystalline silicon PV modules (61215)[98] and
for thin-film PV modules (61646)[99] among many other aspects.

Characterizing photovoltaic modules follows the same principles as characterizing indi-
vidual cells, however, the handling of modules requires special testing equipment.

Testing PV modules mainly focuses on measuring the basic parameters V., I, and
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F1GURE 3.8: Intensity spectrum of blue, red and white LED light sources in the ICVT
measurement setup in comparison to the AM1.5 solar spectrum. The intensity is shown
for different lamp power settings with 1000 mA lamp current being equivalent to 100%.

voltage and current output at the maximum power point Vi, Imp1 , which are needed
to calculate FF, n and the maximum power output F,,. The value in analyzing electri-
cal module parameters lies in statements about the overall module quality and energy
yield predictions, rather than in material characteristics. Fortunately, the same analysis
method as in cell JV curve characterization can be applied to modules in a straight
forward fashion.

Figure 3.9 gives an overview of the testing procedure following the international standard

TEC 61646 for thin film PV modules. The procedure is finalized with a light soaking step

"When referring to cells, oftentimes the quantity J for current density is used for material compara-
bility, whereas modules are typically characterized by their total current output I, giving more practical
information for applications. In this work, the notion J will be used for cells and I for modules.
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Thin-film terrestrial photovoltaic (PV) modules -
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FIGURE 3.9: Overview of the IEC 61646 international standard for thin-film terrestrial
PV modules - design and type approval.
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with the purpose of stabilizing electrical characteristics of the module. During illumina-
tion the module is connected to a resistive load keeping it close to the maximum power
point. Natural sunlight or a solar simulator of class CCC or higher can be used as light
source. When using a solar simulator, the irradiation must be kept between 600 W /m?
and 1000 W/m? at a module temperature of 50 °C +10 °C. If the maximum module
power meets the criterion (Ppaz — Pmin)/Paverage < 2% after two consecutive soaking
periods of 43 kW h/m? accumulated irradiation energy, the module is considered to be
electrically stabilized.

In the way it is stated, the standard is optimized to account for long-term illumination
effects occurring in amorphous silicon modules. In the first hundred hours of illumina-
tion, a-Si:H modules exhibit a decline in performance, which can be explained by the
Staebler-Wronski effect [5]. Not only do a-Si:H modules deteriorate in performance, they
can recover to initial states after a heat treatment. In field installations parts of this
effect has been observed during summer months, when modules typically operate at a
much higher temperature [100]. Staebler and Wronski explain this effect with the break-
up of hydrogenated dangling bonds in the silicon crystal by illumination and subsequent
hydrogenation through thermal treatment [101].

However, the Staebler-Wronski effect, which sometimes is also referred to as ”"metastable
effect” in literature, does not apply to chalcogenide solar cells. The electrical metasta-
bilites dealt with in this work are of different origin (see chapter 2) and hence require
different characterization handling for cells and modules.

Unfortunately, the IEC standard does not specify the exact duration of illumination and
is not very precise by defining the spectrum as class C, which allows for —60/ + 100% of
spectral mismatch in six relevant wavelength intervals according to IEC 60904-9 [102].
The most critical limitation of the IEC standards for chalcogenide PV module charac-
terization, however, is the lack of a timeframe between light soaking treatments and
subsequent performance measurements. These insufficiencies have lead to varying per-
formance characterizations of +6% done at a round robin test with CIGS modules among

FEurope’s leading PV test facilities.

The internationally certified PV testing facility at the Austrian Institute of Technology
provides all necessary equipment to characterize modules according to these standards.
Two of these test stands were also used for the experiments conducted in course of this

work and shall be explained in a little more detail.
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FIGURE 3.11: AIT static sun simu-
lator.

Ficure 3.10: AIT flasher test
stand. The flash light is positioned
above the module pane inside the
flasher housing. Modules and the ref-
erence cell are placed on the sliding
drawer. In front of the flasher, a light
array is mounted for pre-treatment
and light soaking.

3.2.1 I-V flasher

The flasher is a pulsed solar simulator with a pulse duration of a few milliseconds. It
can be used for characterizing modules as well as cells. The flash intensity can be set to
1000 W /m?, altogether reaching a AAA class according to IEC standard 60904-9 [102],
considering spectral match, spatial irradiance uniformity and temporal stability. For
temperature control, the internal space of the test stand can be air conditioned to 25 °C,
providing the required environment for standardized module characterization.

The device under test is placed on a horizontal sliding drawer together with the reference
cell. This makes handling fairly easy and enables quick switching between pre-treatment
and characterization, as can be seen in figure 3.10. Depending on characterization re-
quirements, the electronic load type can be chosen individually and connected to the
cell or module in 4 points for a separat voltage and current signal.

On the outside of the flasher housing a low-light halogen lamp array is installed for
pre-treatment purposes. Homogeneity in the module pane is realized within a range of

+5% at an irradiance of 50 W /m?, which was confirmed with a CM21 pyranometer.
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3.2.2 Static solar simulator

Used primarily for stabilizing modules according to IEC 61646 [99], the static sun sim-
ulator at the AIT consists of a lamp array of ten halogen light sources creating a static
illumination of up to 1000 W /m? with a class B spectrum [102] in the 3x4 m test pane.
This test pane is separated from the lamp array by a glass plate ensuring temperature
control for the modules and the reference cell in a range of +10 °C and +65 °C.

This setup allows for in situ light soaking and characterization of modules, making it
possible to observe the effect of illumination over time. Due to the size and warm up
phases of the simulator, it is, however, not possible to change the irradiance between

soaking and characterization periods.

3.2.3 Electronic load

For I-V characterizations, the cells and modules are connected to an electronic load. In
most cases, a Pasan or Keithley electronic load was used for modules and small cells
respectively. The I-V characteristic are measured by imposing a voltage ramp to the
device under test while it is exposed to illumination (flash of > 10 ms or static light).
The voltage was typically applied in forward direction.

The software of both electronic loads can correct the measured results for variances in

irradiance and temperature.

3.3 Record of module metastabilities

Thus far, only a few studies have addressed the issue of short-term metastable effects in
commercial chalcogenide photovoltaic modules. Gostein and Dunn contrast the differ-
ences in metastable effects between various thin film technologies including amorphous
silicon [103, 104]. While phenomena occurring in a-Si modules can mainly be ascribed
to the Staebler-Wronski effect, metastabilies in chalcogenides follow other mechanisms.
The reviewed transient effects in CdTe modules range from performance shifts upon
light exposure or forward bias within a time frame of a few hours to both efficiency im-
provements and losses after about 1000 hours of light exposure [89]. These differences in
behavior are explained by variances in the fabrication processes. In CIGS modules, the
findings are focused on a general improvement of devices efficiencies after light exposure,
however, differences due to the light wavelength are noted. Also, inconsistencies in find-
ings regarding both performance improvements and degradations due to light exposure
are mentioned. For both chalcogenide technologies, elevated temperatures are noted to

accelerate the metastable changes. The review [104] furthermore raises the necessity for
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a preconditioning procedure prior to device characterization.

A study by NREL [105] explores current preconditioning procedures and presents exper-
imental data for CdTe and CIGS under different light soaking conditions and forward
bias. The importance of a short time between pretreatment light exposure and charac-
terization is stressed.

Forward biasing as an alternative method to light soaking as a preconditioning proce-
dure is put forward by NREL [54] and others [106], however, the equivalency of effects
caused by forward bias compared to light exposure is not necessarily given and needs

further investigation (see section 2.3.4).
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Chapter 4

Metastable Effects in
Cu(In,Ga)Sey Cells

Metastable behavior of CIGS cells is described in literature, however, the experimen-
tal observations are difficult to compare. The exact material structure regarding layer
materials, thicknesses and quality defines the impact on the metastable behavior of the
cells. Therefore it is almost impossible to derive the proper physical mechanisms in a
universal way, especially from cells with different material properties.

This challenge was the motivation to create samples in a defined way with only few ma-
terial changes for observing metastabilities. The cells were fabricated at Angstrém Solar
Center in an inline co-evaporation process according to the baseline procedure [107].
For this study, two different sets of comparison cells were made: a CdS/ZnSnO set from
the first absorber batch and a CdS/Zn(O,S) set from the second absorber batch. Ini-
tially, they were planned all from the same absorber batch, however, the cells with the
Zn(0,S) buffer layer from the first batch show low performance. In order to compare
cells with high quality and efficiency, a second absorber batch was then made for the

Zn(0,S) cells, together with a CdS reference sample.

Preparation of samples Soda-lime glass serves as substrate for the cells. The
molybdenum back contact is deposited by DC sputtering before the CIGS absorber is
grown. In an inline co-evaporation system at a deposition temperature of 520 °C, a
ratio of [Cu]/([Ga]+[In]) = 0.90 and a built-in [Ga]/([Ga]+[In]) gradient from 0.25 at
the front to 0.65 towards the back of the cell is established. The atomic concentrations
across the layer can be found in figure 4.1. It shows a SIMS depth profile of a typical

CIGS absorber prepared according to the Angstrém Solar Center baseline process.

47
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48 Chapter 4. Metastable Effects in Cu(In,Ga)Ses Cells

Layer Deposition method Typical thickness [nm]
Mo back contact DC sputtering 350

CIGS absorber Co-evaporation 1700

CdS buffer layer Chemical bath deposition 50

ZnSnO buffer layer Atomic layer deposition 13
Zn(0,S) buffer layer  Atomic layer deposition 20

i-ZnO RF-sputtering 90
ZnO:Al front contact RF-sputtering 350
Ni/Al/Ni grid Evaporation 3000

TABLE 4.1: Structure of a CIGS cell stack prepared according to the baseline process
at the Angstrém Solar Center [107].
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FIGURE 4.1: SIMS depth profile over an Angstréom Solar Center baseline device. The

profile covers the CIGS absorber layer, the back contact and part of the glass substrate.

Na and K are labeled on the right axis, while Cu, In, Ga, Se, Mo, and O are referenced
on the left axis. Used with kind permission of the authors of [107].

Shortly after the absorber buildup, the buffer layer is deposited. Cells from the same
absorber batch were taken to apply two different kinds of buffer layers for metastability
comparison. The standard samples got a CdS buffer layer of 50 nm, applied by chemical
bath deposition (CBD). For the samples with the alternative! buffer layers were applied
by atomic layer deposition (ALD). In the first absorber batch set, a Zn;_,Sn,O, buffer
layer was added. It has a thickness of 13+5 nm and a [Sn|/([Zn]4[Sn]) ratio of 0.15-0.20
[108]. In the second batch set, the buffer layer Zn(O,S) was applied by ALD according
to the procedures of [109] and [110].

For all cells, the front contact is deposited with an RF sputtering system. First, a non-
doped ZnO layer (i-ZnO) is sputtered onto the buffer layer, then the front contact is
finished with a Al-doped ZnO layer (ZnO:Al).

! Alternative buffer layers are considered cadmium-free layers in order to compose cells made from
solely non-toxic materials.
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Chapter 4. Metastable Effects in Cu(In,Ga)Sey Cells 49

Finally, a metal grid is applied by evaporation before the cells are separated into 0.5 cm?
sizes using mechanical scribing. An overview of the CIGS cell stack including typical
layer thicknesses are listed in table 4.1.

The metastable behavior of these cells is described in the following section 4.1. In
the second part of the chapter, in section 4.2, another cell series is investigated. All
cells in the second series have the same buffer layer material ZnSnO, but vary in the
thickness of this buffer layer. Growth was controlled by the number of ALD cycles and
yielded thicknesses of approximately 30-342 nm. A detailed description of the sample

preparation and the material characterization is given in [108].

Experiment overview  The initial cell characterization of the samples as well as
all light soaking and dark relaxation runs for CIGS cells are listed in an overview in
Appendix A.

For the changes between illumination times and JV sweeps, the in situ setup described
in section 3.1.3 was very practical. Without moving the cell, an illumination period was
interrupted only for the duration of the sweep, which lasted for approximately 5 seconds
each time. After an initial characterization, the beginning of each light soaking cycle
started with a 9 s illumination period, followed by 5 s sweep, then 9 s illumination,...
After two minutes, the illumination period was increased to 35 s, then 5 s sweep, etc....
The illumination period was ultimately increased to 15 min. The increased spacing of
the sweeps allowed for more data points in the beginning of illumination, when most of

the changes occur.

[lumination interval Duration (approx.)

9s 2 min
35 s 9 min
5 min 2:30 h
15 min > 6:00 h

TABLE 4.2: Light soaking illumination intervals in between JV characterizations.

4.1 Influence of the buffer layer material

The buffer layer is suspected to influence light soaking and metastable behavior of CIGS
cells, which is elaborated in section 2.4.3. In this section the results from light soaking
experiments for cells with the buffer layer materials CdS, ZnSnO and Zn(O,S) are shown.
The cells were illuminated and characterized in situ with the ICVT test stand described

in section 3.1.3 at a constant temperature of 300 K and an intensity of 1 sun equivalent
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50 Chapter 4. Metastable Effects in Cu(In,Ga)Ses Cells

Jsc. Because some metastable changes occur quickly within the first few seconds, the

illumination intervals are chosen to increase according to table 4.2.

4.1.1 CdS, ZnSnO and Zn(0O,S) buffer layers in CIGS cells: white light

soaking under open circuit conditions

Figure 4.2 shows the response of V,. and FF' to white light soaking of cells with CdS,
ZnSnO and Zn(0,S) buffer layers respectively. While the CdS and Zn(0O,S) cells perform
much better in the initial state with a higher V,. and FF', they are also more stable
than the ZnSnO cell, which exhibits a massive V,. drop of more than 14% (table 4.5).
Only the CdS and ZnSnO cells show a spike of the F'F' in the first few seconds. In the
CdS cell, the FF increases by 0.5% in the first 27 s. The JV measurements after that
show a slight decrease resulting in a F'F' slightly below the initial measurement.

In the ZnSnO cell the observed F'F' spike is much higher and lasts longer. For the first
100 s, the F'F increases by 4.3% before it starts dropping, but stays above the initial
FF at the end of the light soaking period. Even though the J,. is subject to small
fluctuations caused by the light source in all light soaking experiments, the nature of

the F'F' change cannot be attributed to Js. or lamp inhomogeneities.

5 CdS(B
—-ZnSnO(1)
] 3 A Zn(0,9)(2)
580 ]
66 ]
560 ]
z <
5540¢ ] o4 ]
>
520 ]
62| ]
500 ]
60 ]
480+ ]
460 ‘ _TIoe 58 ‘ ‘ ‘
0 200 400 600 0 200 400 600
t [min] t [min]

FIGURE 4.2: White light soaking for CIGS cells with CdS, ZnSnO and Zn(S,0) buffer
layers. The number in brackets represents the absorber batch. During illumination,
cells were kept under open circuit conditions.
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Chapter 4. Metastable Effects in Cu(In,Ga)Sey Cells 51

Sample Cds ZnSnO Zn(0O,S)
9111-6313A1-01 9098-1363A1-01 9485C-07

illumination white light soaking

bias conditions open circuit

duration [h:min] 9:21 11:45 5:08

initial V5. [mV] 601.1 541.6 609.8

final V. [%] 98.2 85.8 100.6

initial F'F [%] 69.1 58.7 68.1

final FF [%] 99.5 100.4 100.3

TABLE 4.3: Results: CdS, ZnSnO, Zn(0O,S) buffer layers in CIGS cells, white light
soaking. Final V,. and F'F percentages are relative to the respective initial values.

4.1.2 CdS, ZnSnO, Zn(O,S) buffer layers in CIGS cells: dark relax-

ation

Following the light soaking in the previous section, the cells were left inside the ICVT
measurement device in darkness. Light-JV characterizations were performed after the
same time intervals as described in table 4.2. The sweep duration of the measurement
setup could not be reduced below approximately 1.5 s, in which time the cells were again
exposed to light. Regardless, a relaxation behavior (figure 4.3) can be observed, which
shows, that the previous light soaking resulted in a metastable effect. For the V. of
the ZnSnO cell, the metastable effect appears to be reversible, even though the final V.

value is well below the initial V,, (table 4.4). The trend does not show a saturation after

620 ‘ 70 ‘ ‘
o 5 Cds()
e a-¢-ZnSnO(1)
600 | | ¥ A-7n(0,S)(2)
[Llcec@seoccoccoccaccoccesccoceee) )
580+ 1
66 - 1
560+ 1
z <
‘§'540 H 1 E_‘64 H 1
>
520+ J
62 - J
a0 00000
500 - ARV 1
J”uﬂﬂ"" 60 | ]
480 + 1
460' 58 : :
0

200 400 600 0 200 400 600
t [min] t [min]

FIGURE 4.3: Dark relaxation for CIGS cells with CdS, ZnSnO and Zn(S,0) buffer
layers. The number in brackets represents the absorber batch.
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52 Chapter 4. Metastable Effects in Cu(In,Ga)Ses Cells

Sample Cds ZnSnO Zn(0O,S)
9111-6313A1-01 9098-1363A1-01 9485C-07

illumination dark relaxation

bias conditions open circuit

duration [h:min] 8:15 9:16 2:52

final Vo [%] 98.2 93.9 101.3

final FF [%] 100.0 99.5 101.9

TABLE 4.4: Results: CdS, ZnSnO, Zn(0O,S) dark relaxation, final V,. and F'F percent-
ages are relative to the respective initial values before the light soaking period (table
4.5).

9:16 h, so it can be assumed that the V,. will improve further. The FF of the ZnSnO
cells starts off slightly above the initial value, increases for 12 minutes of dark relaxation
before it starts dropping. At the final measurement, the F'F lies at 99.5 % slightly below
the initial value. It is possible, that the short sweep intervals for JV characterizations
in the first minutes have an influence on the F'F' behavior.

For the CdS and the Zn(0O,S) cells, the observations are a little bit less conclusive. The
CdS cell V,. remains rather constant throughout the dark relaxation, while the Zn(O,S)
Voe improves further in the first 8 minutes. Both cells improve in their FF. The CdS
cell returns to the initial F'F' before light soaking, while the Zn(O,S) cell exceeds the
initial FF by 1.9 %.

4.1.3 CdS buffer layer in CIGS cells: white, red and blue light soaking

In figure 4.4 light soaking behavior under different spectral wavelengths for CdS buffer
layer cells can be seen. The spectral band of the used LED lights can be found in figure
3.8 in chapter 3. During red light soaking, the JV characteristics were also performed

with red light. This was done in order to prevent any influence from the energetically

Sample CdSs CdS CdS
9111-6313A1-01 9267A-01 9267B-25
illumination white LS blue LS red LS
bias conditions open circuit
duration [h:min] 9:21 05:07 5:08
initial V,. [mV] 601.1 649.9 685.4
final V. [%] 98.2 98.7 98.7
initial FF [%] 69.1 68.7 72.5
final FF [%] 99.5 98.7 102.0

TABLE 4.5: Results: CdS buffer layer in CIGS cells, white, blue and red light soaking.
Final V,. and F'F' percentages are relative to the respective initial values.
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FI1GURE 4.4: White, blue and red light soaking for CdS buffer layer cells. The bottom
graphs show enlarged the first 10 minutes of the light soaking period. The number in
brackets represents the absorber batch.

higher wavelengths.

Different spectral wavelengths do not seem to have a fundamentally different influence
on the V,. of the CdS cells. The V. drops for illumination with white, blue and red
LEDs. While the magnitudes are slightly different, the overall loss is below 2 % for all
measurements (table 4.5) and demonstrates again the stability of CdS buffer layer cells.
The FF, however, shows a different picture. The white and blue lines exhibit the same
downwards trend with different magnitudes, while the F'F' improves by 2 % after light
soaking with red light. At a closer look at only the first 10 minutes of illumination

in the bottom two figures 4.4 it becomes evident, that the cells behave very similar in


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub

54 Chapter 4. Metastable Effects in Cu(In,Ga)Ses Cells

the beginning. This could be a hint of two competing effects with different time scales.
Under red light soaking, a different mechanism is dominating in the longer time scale,

than under white and blue light soaking.

4.1.4 ZnSnO buffer layer in CIGS cells: white, red and blue light

soaking
105 105 :
o ZnSnO white(1)
~9-ZnSnO blue(1)
A ZnSnO red(1)
] 100 | .

Voc [%]

80 . 80 . .
0 200 400 600 0 200 400 600
light soaking t [min] dark t [min]

125 ‘ ‘ 125 :

0 ZnSnO white(1)
+§ngn8 b|lée(1)
A

120 ] 120 nSnO red(1)

115 1 115 1
110 1 110 1
2
m

105 1 105+ 1

100 1 100 - 1

ARR0C000000000000000000
95 1 1
90 I I
0 200 400 600 600
light soaking t [min] dark t [min]

FIGURE 4.5: White, blue and red light soaking for ZnSnO buffer layer CIGS cells. The

top plots show the V. under light soaking (left) and for the subsequent dark relaxation

(right). The bottom plots show the F'F for light soaking and dark relaxation. The
number in brackets represents the absorber batch.

The ZnSnO buffer layer cells all stem from the same absorber batch, however, at the

time of blue and red light soaking, the respective cell had already suffered from some
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deterioration, given the very low initial F'F.

As can be seen in figure 4.5 the V. drops for white, blue and red light soaking, with the
largest and fastest decrease by 19.5 % under blue light and the smallest and slowest by
6.4 % under red light (compare table 4.6). For the first 21 minutes dark relaxation, all
cells recover their V. at a fast rate. While the formerly blue and white illuminated cells
keep improving, the red illuminated cell V. starts dropping again. It is noteworthy, that
the JV characterizations for white and blue runs were done with a white LED, but for
the red light soaking and dark relaxation, the red LED was also used as light source for
the JV characterization. None of the cells recover their V. back to the initial value in
the given dark relaxation time.

In the F'F, all curves show an initial increase. The F'F' maximum for under white and
red illumination is reached after 7-8 minutes, under blue illumination after 14 minutes.
Afterwards the F'F drops in all cases, however, under blue illumination it remains above
122 % of the initial value, while under white and red, the FF falls below the initial
value.

After the light soaking period, the formerly white illuminated F'F' remains at that level.
The blue and red, however, are subject to further loss. While the dark relaxation for
the red curve leads to a sharp drop in the first 5 minutes, the blue curve follows a softer
exponential decay, where the bottom is not reached after the dark relaxation time of
7:09 hours.

Sample ZnSnO ZnSnO ZnSnO
9098-1363B2-29 9098-1363B2-25 9098-1363B2-25
illumination white LS blue LS red LS
bias conditions open circuit
duration [h:min] 10:21 05:08 5:08
initial V,. [mV] 531.2 604.2 576.6
final V. [%] 87.6 80.5 93.6
initial F'F [%] 61.5 46.3 39.4
max. FF [%] 101.6 123.5 104.0
final FF [%] 97.0 122.4 96.6
illumination dark relaxation
duration [h:min] 9:16 7:09 8:09
final Vo [%] 94.2 95.4 93.0
final FF [%] 96.8 107.0 91.9

TABLE 4.6: Results: ZnSnO buffer layer CIGS cells, white, blue and red light soaking.
Final V,. and max. and final F'F percentages are relative to the respective initial values
before light soaking.
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4.1.5 Zn(0,S) buffer layer CIGS cells: white, red and blue light soak-

ing

102
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FIGURE 4.6: White, blue and red light soaking for Zn(O,S) buffer layer CIGS cells. The
top plots show the V,. under light soaking (left) and for the subsequent dark relaxation
(right). The bottom plots show the FF for light soaking and dark relaxation. The
number in brackets represents the absorber batch.

The Zn(0O,S) buffer layer cells are of good quality (refer to table 4.7) and show again

a different light soaking behavior for different colored light sources, different from the

previous cell types. The top left plot in figure 4.6 shows an increase in the V., with white

and red light yielding the highest increase. However, a closer look at the first 10 minutes

of illumination in figure 4.7 reveals, that all cells initially drop in V,.. While the V.

under blue light soaking does not reach the initial level after 5:08 hours of illumination,
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FIGURE 4.7: Zn(O,S) buffer layer CIGS cells white, blue and red light soaking for the

first 10 min.

Sample Zn(0,S) Zn(0,S) Zn(0,9)

9485C-07 9485A-01 9485B-25
illumination white LS blue LS red LS
bias conditions open circuit
duration [h:min] 5:08 05:07 5:08
initial V,. [mV]  609.8 604.0 623.0
final V. [%] 100.6 99.8 100.7
initial FF [%] 68.1 68.7 67.9
max. FF [%] 100.1 100.2 100.1
final FF [%] 100.3 99.5 98.7
illumination dark relaxation
duration [h:min] 2:52 2:32 3:23
final Vo [%] 101.3 100.6 101.4
final FF [%] 101.9 101.1 100.2

TABLE 4.7: Results: Zn(0O,S) buffer layer CIGS cells, white, blue and red light soaking.
Final V. and max. and final F'F percentages are relative to the respective initial values
before light soaking.

the white and red illumination yields a V. increase of 0.6 % and 0.7 % respectively.

The subsequent dark relaxation phase leads to further increases in the V., lifting all V.

above the initial value before light soaking.

The F'F behavior shows a slight decrease after the first few seconds, where all cells at

first experience a small F'F increase (see figure 4.7). Under white and red light soaking,

the F'F rises in the first 6 seconds, before it drops, under blue light soaking the decline

commences after the first minute of illumination. During dark relaxation, all cells exhibit


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M 3ibliothek,
Your knowledge hub
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an increase, yielding a higher F'F' at the end of the measurement than the initial values

before illumination. The rate of recovery is, however, slightly lower than for the recovery

of the V..

4.1.6 CdS buffer layer CIGS cells: white light soaking under different

circuit conditions
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FIGURE 4.8: CdS buffer layer CIGS cells light soaking under OC, MPP and SC con-

ditions. The top plots show the V. under light soaking (left) and for the subsequent

dark relaxation (right). The bottom plots show the FF for light soaking and dark
relaxation. The number in brackets represents the absorber batch.

Having in mind real operating conditions of solar cells, it is of interest how light soaking

affects them under various bias conditions. Therefore, CdS (this section) and ZnSnO
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Sample CdS CdS CdS
9111-6313A1-01 9111-6313B2-32 9111-6363B2-32
illumination white light soaking
bias conditions ~ OC 500 mV SC
duration [h:min] 9:21 2:49 3:43
initial V. [mV] 601.1 547.8 622.8
final Vo [%] 98.2 100.6 95.7
initial FF [%] 69.1 67.0 71.9
max. FF [%] 100.5 101.4 100.4
final F'F [%] 99.5 101.4 98.6
illumination dark relaxation
duration [h:min] 8:16 1:43 3:36
final Vo [%] 98.2 100.9 97.0
final F'F [%] 99.9 100.1 98.9

TABLE 4.8: Results: CdS buffer layer CIGS cells light soaking under OC, MPP and SC
conditions. Final V. and max. and final F'F percentages are relative to the respective
initial values before light soaking.

(section 4.1.7) buffer layer cells were illuminated under open circuit (oc) conditions,
short circuit (sc) conditions and under a forward bias close to the maximum power
point (mpp). There was no power point tracking throughout the light soaking periods,
so the bias in both short circuit and maximum power point state was not adapted to
any change of the cell behavior.

After light soaking, the cells underwent a dark relaxation period under the same bias
conditions as during their respective light soaking period.

Figure 4.8 shows the change in V. and FF for light soaking and dark relaxation for CdS
buffer layer cells. As can be seen, metastable effects do not only occur under open circuit
conditions, but can be even more pronounced under electrical bias. In this experimental
run, the qualitative behavior of V,. and F'F' show similarities. While the oc illuminated
cell shows only a small drop in both characteristics (compare table 4.8), the sc cell drops
more severely than the oc cell and the mpp cell experiences a rise in V,. and F'F.
During dark relaxation, all cells show the tendency to return to the initial values prior
to light soaking in both V,. and F'F, with the exception of the mpp illuminated V.
values, which seem to remain at the elevated level. This could hint to some permanent
improvements to the cell, given that this light soaking run was also the first one of this

sample.
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4.1.7 ZnSnO buffer layer CIGS cells: white light soaking under differ-

ent circuit conditions

Analogous to the previous section, ZnSnO buffer layer cells were illuminated under
different bias conditions, as can be seen in figure 4.9. Here, all V. values drop heavily,
with the illumination under oc conditions showing the smallest drop, and under sc
conditions showing the largest drop down to 88.4 % of the initial V., which can be
compared with table 4.9.

During the subsequent dark relaxation period, all cells improve in their V. in a limited
exponential growth curve, however, none of the cells recovers to the initial V. levels in
the observed relaxation time, but rather indicate a limit below the initial V.

For the F'F, all cells exhibit an initial rise in the beginning. The F'F' under oc conditions
improves by 1.6 % in the first 10 minutes, and under mpp conditions it improves by 4.1
% in the first 6 minutes of illumination. Afterwards, both these cells experience a drop
in the F'F, leaving the oc cell below the initial F'F' value after the light soaking phase
and the mpp cell above the initial F'F'. The cell under sc conditions, however, shows
the largest F'F improvement without any drop. There, the F'F rises by 15.2 % after the
light soaking period.

During dark relaxation, the F'F' drops for the improved cells (mpp, sc) and remains

rather stable for the cell under oc conditions.

Sample ZnSnO ZnSnO ZnSnO
9098-1363B2-29  9098-1363A2-25 9098-1363B1-07
illumination white light soaking
circuit conditions OC 500 mV SC
duration [h:min]  10:22 3:40 2:49
initial V. [mV] 531.2 560.8 516.3
final V. [%] 87.6 88.4 85.7
initial F'F [%] 61.5 60.9 53.9
max. FF [%] 101.6 104.1 115.2
final FF [%] 97.0 102.0 115.2
illumination dark relaxation
duration [h:min]  9:16 3:34 2:44
final V. [%] 94.2 93.5 93.4
final FF [%] 96.8 99.0 110.2

TABLE 4.9: Results: ZnSnO buffer layer CIGS cells light soaking under OC, MPP
and SC conditions. Final V,. and max. and final F'F percentages are relative to the
respective initial values before light soaking.
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FIGURE 4.9: ZnSnO buffer layer CIGS cells light soaking under OC, MPP and SC

conditions. The top plots show the V. under light soaking (left) and for the subsequent

dark relaxation (right). The bottom plots show the FF for light soaking and dark
relaxation. The number in brackets represents the absorber batch.
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62 Chapter 4. Metastable Effects in Cu(In,Ga)Ses Cells

4.2 Metastability and buffer layer thicknesses

In order to further investigate the role of the buffer layer in metastable behavior, a
series of cells only different in their buffer layer thickness was prepared according to
[108]. The alternative buffer layer material ZnSnO was applied by variations of ALD
cycles yielding buffer layer thicknesses of 13 nm, 30 nm, 76 nm, 165 nm and 342 nm.
The layer thicknesses on the CIGS absorber was determined by transmission electron
microscopy (TEM). The TEM images are shown in figure 4.10. By the time the cells
were used for light soaking tests, the 13 nm cell had already deteriorated too much,

which is why it was not included in this study.

Zn.,Sn0, -

CIGS

FIGURE 4.10: Bright field transmission electron microscopy images of ZnSnO buffer

layers grown on a quartz glass substrate with 2000 cycles and grown on CIGS layers

with 500, 2000 and 8000 cycles, respectively. Used with kind permission of the authors
of [108].

4.2.1 ZnSnO buffer layer thickness: white, blue and red light soaking
affecting V.

The ZnSnO buffer layer thickness series was illuminated with white, blue and red light.
Figure 4.11 shows the evolution of the cells’ V,. under light soaking and subsequent dark
relaxation. Under both white and red illumination, the V. drops and a correlation to
the buffer layer thickness can be derived. For the cells with 30, 76 and 165 nm ZnSnO it
can be seen, that the magnitude of the V,. drop is directly proportional to the thickness.
For the 342 nm cell, the drop happens slower and does not seem to have reached its
plateau under either white or red light soaking. While under white light, the 342 nm
Voe results in the lowest relative V. after light soaking, it is possible, that under red
light, the 342 nm V. will also drop below the 165 nm V,., given more light exposure
time. Generally speaking, the magnitude of the V,., drop is stronger under red light
than under white, which can be compared with the V,. values in table 4.10.

Under blue light, however, the V. experiences an overall increase after an initial drop
in the first few minutes for the 30, 165 and 342 nm ZnSnO cells. Again, the thinner
the ZnSnO layer, the better the V,. outcome after light soaking. Only the 76 nm layer
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FIGURE 4.11: ZnSnO buffer layer thickness series: V. behavior under white (top),
blue (middle) and red (bottom) light soaking and subsequent dark relaxation.
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64 Chapter 4. Metastable Effects in Cu(In,Ga)Ses Cells

Sample 30nm ZnSnO  76nm ZnSnO  165nm ZnSnO  342nm ZnSnO
7850B2-14 7846B2-05 7844B2-14 7848B2-15

illumination white light soaking

circuit conditions oC

duration [h:min]  8:52 7:36 7:36 7:36

initial Vo [mV] 639.0 627.1 621.2 604.9

final Vo [%] 98.6 98.1 95.6 95.0

illumination dark relaxation

duration [h:min] 11:20 10:50 12:06 12:06

min. Vo [%] 96.8 96.5 93.5 92.6

final V,. [%] 99.3 99.4 97.9 97.1

illumination blue light soaking

circuit conditions ocC

duration [h:min]  3:48 3:48 3:48 3:48

initial Vo, [mV] 634.9 633.7 610.2 590.1

final V. [%] 100.6 98.5 100.4 100.3

illumination dark relaxation

duration [h:min]  12:06 3:58 7:02 10:50

min. V. [%] 100.5 97.5 100.0 99.8

final V. [%] 100.6 99.5 100.6 100.6

illumination red light soaking

circuit conditions oC

duration [h:min]  5:08 5:08 5:08 5:08

initial Vo [mV] 654.4 657.3 627.9 620.9

final Vo [%] 95.3 94.7 93.0 93.6

illumination dark relaxation

duration [h:min]  11:55 2:02 9:54 1:52

min. Ve [%] 94.7 93.7 91.1 90.6

final V. [%] 98.2 97.0 96.8 93.6

TABLE 4.10: Results: ZnSnO buffer layer thickness series. V,. development for light

soaking under white, blue and red illumination and subsequent dark relaxation. Mini-

mum and final V,. percentages are relative to the respective initial values before light
soaking.
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Chapter 4. Metastable Effects in Cu(In,Ga)Sey Cells 65

cell shows a contrary behavior by an overall decrease in the V,.. After a drop in the
first 6 minutes, the V. rises slightly for another 8 minutes, before it declines and only
minimally recovers during light soaking after one hour. The light soaking run for this
particular cell was redone and showed the same behavior trend. Therefore it must be
assumed that the metastable mechanisms affect this cell differently from the others in
the buffer layer thickness series.

Interestingly, in the first few seconds of dark relaxation, all V,. values plunge, before
they start a steady recovery following a limited growth characteristic. Overall, the
Ve recovers significantly after white and red light soaking periods for all ZnSnO layer
thicknesses, although at slower rates than the respective light induced drops. This is
also the case for the 76 nm cell under blue light soaking.

The cells experiencing an increase under blue light soaking roughly keep their V. levels
throughout dark relaxation, 165 nm and 342 nm even rise further and remain above

their original V. values after the dark relaxation periods.

4.2.2 ZnSnO buffer layer thickness: white, blue and red light soaking
affecting the F'F

Contrary to the V,. behavior described in the last section, the F'F' development under
white and red light soaking expresses a decreasing behavior, with the thinnest ZnSnO
layers dropping the most (figure 4.12). Under white light soaking, all cells experience a
swift F'F' increase, before dropping. For red light soaking, this is not observed, except
for the 342 nm cell, which shows a strong increase by 8.6 % (compare table 4.11) in
the first ten minutes, before the F'F slowly declines to 106.9 % compared to the initial
value. A low FF of 58.4 % in the initial measurement of the 342 nm cell before red light

soaking could point to some cell damage and be the reason for the odd behavior.

Under blue light soaking, the F'F' behavior shows an initial small rise and a rather stable
behavior thereafter, with the exception of the 76 nm cell, which drops to 98.3 % of the
initial F'F before light soaking. This cell already showed a different behavior in the V.
under blue light.
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FIGURE 4.12: ZnSnO buffer layer thickness series: F'F' behavior under white (top),
blue (middle) and red (bottom) light soaking and subsequent dark relaxation.
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67

Sample 30nm ZnSnO  76nm ZnSnO  165nm ZnSnO  342nm ZnSnO
7850B2-14 7846B2-05 7844B2-14 7848B2-15

illumination white light soaking

circuit conditions oC

duration [h:min]  8:52 7:36 7:36 7:36

initial FF [%] 70.9 70.8 71.3 70.7

max. FF[%] 101.1 100.8 100.8 100.9

final FF [%] 98.8 99.1 99.2 99.8

illumination dark relaxation

duration [h:min]  11:20 10:50 12:06 12:06

final FF [%] 100.2 100.0 100.3 99.5

illumination blue light soaking

circuit conditions ocC

duration [h:min]  3:48 3:48 3:48 3:48

initial FF[%] 712 71.8 72.1 70.8

max. FF [%] 100.5 100.1 100.1 100.7

final FF [%] 100.4 98.3 100.1 100.1

illumination dark relaxation

duration [h:min]  12:06 3:58 7:02 10:50

final FF [%] 100.2 99.9 100.1 100.0

illumination red light soaking

circuit conditions oC

duration [h:min]  5:08 5:08 5:08 5:08

initial FF [%] 62.4 67.5 69.0 58.4

max. FF[%] 100.0 100.0 100.0 108.6

final FF [%] 90.4 95.0 96.3 106.9

illumination dark relaxation

duration [h:min]  11:55 2:02 9:54 1:52

final FF [%] 93.5 98.4 95.6 92.1

TABLE 4.11: Results: ZnSnO buffer layer thickness series. F'F' development for light
soaking under white, blue and red illumination and subsequent dark relaxation. Maxi-
mum and final F'F' percentages are relative to the respective initial values before light

soaking.
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68 Chapter 4. Metastable Effects in Cu(In,Ga)Ses Cells

4.3 CIGS cell reflectance spectroscopy

Measuring the reflectance of a cell reveals the optical losses of a photovoltaic device.
In a spectrally resolved way, subtracting the reflectance curve and all collection losses
leaves the quantum efficiency of a photovoltaic cell, as is explained in section 3.1.1 and
3.1.

The reflectance was determined for three CIGS cells with the buffer layers CdS, ZnSnO
and Zn(0,S). This was done before light soaking in a relaxed state and immediately after
light soaking. The spectrometer used is a Bruker Vertex 70 FTIR, a fourier-transform
infrared spectrometer. For an immediate reflectance measurement after a light soaking
period of 3 hours, the samples were transported and measurement was started within
5 minutes of the end of the light soaking period. The reflectance measurement itself could
be done within a few minutes. For saving time between light soaking and reflectance

measurement and for not disturbing the metastable state electrically, no current-voltage
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FIGURE 4.13: Spectrally resolved reflectance of CIGS cells with buffer layers ZnSnO,
CdS and Zn(0,S) in a relaxed state and after light soaking.
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Chapter 4. Metastable Effects in Cu(In,Ga)Sey Cells 69

characteristic was determined after light soaking. The results of the measured reflectance
curves are shown in figure 4.13.

Unfortunately, the range of the measurement starts at 500 nm, leaving out the blue
part of the visual spectrum and hence the band gap ranges of ZnSnO and Zn(O,S)
at B, = 3.3 eV [108] and E, = 2.7 - 3 eV [111] respectively. The CdS band gap of
E,=2.4-25 eV is at the border of the measured spectrum, however, no change in the
reflectance curves can be observed in this area.

In the near-infrared section of the measured spectrum, interferences are visible. These
interferences have been observed by other groups in similar device structures for re-
flectance [112] and also photoluminescence [113] in the NIR part of the spectrum. The
interference occurs because of multiple reflections within the layer of a thin film device,
before exiting the layer. According to [114], several requirements must be met for being
able to observe interferences in thin-film photovoltaic devices: a smooth sample surface,
high back reflectance, similar spectral range of layer thickness and photons, and weak
absorption of photons when traveling through the absorber - all of which appear to be
met with the used samples. The layer stack of the samples used for this study is de-
scribed in the beginning of this chapter in table 4.1, with a typical absorber layer of
1700 nm.

As stated in [115], interference peaks in reflectance spectra match photoluminescence
reflectance minima and vice versa. This is due to a A\/2 phase shift of the wave entering
the device in reflectance measurements. This transition does not occur in photolumi-
nescence, where the photons are generated within the absorber layer. The interferences
can be simulated by optical modeling dating back to [116]. While modeling the pho-
toluminescence interferences is more complex, interferences occurring in reflectance can
generally be calculated by applying the transfer matrix method [115].

In the experiment of reflectance prior to and after light soaking, differences can be no-
ticed in the NIR part of the spectrum for all buffer layer samples. Little surprisingly,
the behavior among different buffer layer types shows to be quite different.

In the ZnSnO CIGS cell, the reflectance after light soaking is noticeably lower above
1000 nm. This means, for this spectral range, more photons are absorbed in the cell,
leading to either photovoltaic conversion or collection losses. In the case of conversion,
this could be translated into improved electrical parameters of the cell.

The CdS and Zn(O,S) cells, however, reflect more photons in the infrared spectrum
after light soaking. This, in turn, has a detrimental effect on the conversion of incident
photons.

With the numbers in 4.12, the trends in reflectance measurements and observations de-
rived from IV curves can be compared. The measurements were done with cells from
the same absorber batches, but unfortunately they could not be conducted with the

very same cells. Because of relatively small change in the electrical parameters and the
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70 Chapter 4. Metastable Effects in Cu(In,Ga)Ses Cells

differences in reflectance before and after light soaking, correlations can not be obtained

directly and need to be established in future measurements.

Sample Cds ZnSnO Zn(0,S)
9111-6313A1-01 9098-1363A1-01 9485C-07
illumination white light soaking
bias conditions open circuit
duration [h:min] 9:21 11:45 5:08
initial V. [mV] 601.1 541.6 609.8
final Vo, [%] 98.2 85.8 100.6
initial F'F [%] 69.1 58.7 68.1
final FF [%] 99.5 100.4 100.3
Sample 9111-6363A2-25 9098-1363B2-29 9485B-25
reflectance after light soaking increased decreased increased

TABLE 4.12: CdS, ZnSnO, Zn(O,S) buffer layers in CIGS cells, white light soaking
and trends in reflectance in cells with same buffer layer material. Final V,. and F'F
percentages are relative to the respective initial values.
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Chapter 5

Metastable Effects in Modules

The previous chapter showed that metastable behavior in CIGS solar cells is caused
by material characteristics such as the absorber quality, the buffer layer material and
its properties. This knowledge can be used to better understand metastable behavior,
which also occurs in commercial thin film PV modules.

In this chapter, a collection of experimental results is gathered in order to verify these
metastable effects in commercial thin film modules. Starting point for investigating
metastable behavior in modules were the observed inconsistencies of characterization
results. When measured according to the pre-treatment and characterization proce-
dures given in the IEC standards (see 3.2), the same modules can exhibit a significant
variation in the electrical output parameters. Therefore, a standardized module charac-
terization is insufficient to describe the true performance of a thin film module, which
shows metastable behavior.

Obviously, it is not known in the beginning, if a module exhibits a strong response to
metastable triggers like light exposure or bias voltage. However, a sound characterization
method should account for all kinds of metastable module behavior, because manufac-
turers rely on valid module characterization for their products’ quality and customers

require reliable data for their energy and revenue yield predictions.

5.1 Relaxed state

In order to measure metastable behavior in modules, it is necessary to determine an
initial - or here also referred to as relaxed - state as a reference state of a module before
light exposure. Since literature does not provide such information and relaxation times
proved to be technology specific, the relaxation duration was determined for each mod-

ule type individually.

71
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72 Chapter 5. Metastable Effects in Modules

For CdTe and also the a-Si modules used in these test series, the relaxation time was
set to 12 h storage in darkness, under open circuit conditions and room temperature.
The investigated CIGS modules showed a much slower relaxation behavior. The relaxed
state was reached slower than in the CdTe modules but also slower than in the CIGS
cells from the previous chapter. Therefore, the dark relaxation period for CIGS modules
was suggested to last for a minimum of two weeks of storage under the same conditions
as mentioned before.

Before a light soaking experiment, the modules were covered while transferred to the
test location and first exposed to light only with the initial I-V characterization before
starting the light soaking cycle.

It should be stated that these relaxation times cannot be taken as representative dura-
tions for the respective material technology, not even within one material family, as the
discrepancy between CIGS cells and modules shows. Rather, relaxation times should
be determined for each module type individually, especially if manufacturing processes
differ. For the limited number of test samples available for this study, the modules from
the same manufacturer and same production batch showed to behave in the same time

scales.

5.2 CdTe modules

CdTe solar cells were not part of the underlying cell study for metastabilities, however,
CdTe solar devices can show metastable behavior just like CIGS based devices.

Three commercial CdTe specimen by First Solar Inc. were available for testing. The
modules underwent initial characterization and stabilization according to ITEC 61646
[99]. Their main parameters are shown in table 5.1 and can also be viewed in more

detail in the data sheet in Appendix B.

Cell material CdTe
Manufacturer First Solar
Module type FS-272

Number of cells 116

Popp [W] 72.5
Vipp [V] 66.6
Ty [A] 1.09
Vo [V] 88.7
I [A] 1.23

TABLE 5.1: CdTe module specimen parameters at standard test conditions.

In addition, electroluminescence images of the modules were taken for visual inspection

of the module quality, where some damages in the module structure can oftentimes be
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(a) FS-272_30130 (b) FS-272_.30307 (c) FS-272_30511

FI1GURE 5.1: CdTe modules: Electroluminescence images of the untreated test devices.

noticed. While dark spots can be caused by improper contacts or poor cell performance,
bright spots typically represent shunts [117]. Both of these effects lead to a reduced

module efficiency and can be partly observed in the CdTe test modules in figure 5.1.

In order to correct for temperature deviations of module behavior, the temperature
coefficients for current («) and for voltage (/) for the CdTe modules were determined
according to IEC 61646 [99] with « = 0.000492 AK!and B=-0.2218 VKL

The following sections will show how these modules behave under and after various
illumination and current treatments, which are referred to as light soaking and bias

treatment respectively.

5.2.1 Forward bias treatment

To observe effects on the voltage, short circuit current in forward direction of I, = 1.23 A
was applied to the CdTe modules while they were kept in the dark. The value for the
current was chosen based on the data sheets for the modules (see Appendix B) and
was fixed with a precision power supply, which was also used for in situ measuring of
the voltage every 30 seconds. A drastic drop in voltage shown in figure 5.2 was the
subsequent observation. During the entire procedure, the modules were kept completely
dark and were not cooled, hence a significant increase in temperature from 20 °C to
47.5 °C was measured. To account for the influence of temperature on the module
voltage, the voltage was corrected using the determined coefficients mentioned at the
beginning of section 5.2.

The voltage drops were, however, only temporary. IV characterizations a week after the
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74 Chapter 5. Metastable Effects in Modules

treatment yielded the same parameters as before the short circuit current treatment.
During this week the modules were ”resting” in the dark and could therefore enter a

relaxation phase.

240 w \ : ;
¢ +83¥e 1
N - e?2
220%,0. A CdTe 3|1

160+

1401

120

FIGURE 5.2: Dramatic voltage drop due to short circuit current treatment of CdTe
modules. Voltage values are corrected for temperature effects.

5.2.2 CdTe low irradiance light soaking

Low irradiance light soaking

Cell material CdTe

Device treatment Light soaking
Test stand IV flasher (3.2.1)
Light source Halogen lamp field
Irradiance [W/m?] 50

IMumination duration [h:min] 2:30

Bias state (0]@;

Low irradiance illumination of 50 W /m? was chose for light soaking for several reasons.
Even though it does not occur in all thin-film technologies, annealing effects and module
degradation caused by high irradiance could interfere with the metastable behavior.
There are also practical reasons of easier handling, especially with temperature control
of the modules, which is less so an issue with cells due to the size of the sample.

For this test, the module was illuminated in the indoor IV flasher setup (3.2.1) on a
receding test plane under a halogen lamp array. Given the chosen low irradiance, the
temperature of the module could be kept stable at room temperature throughout the
experiment. After defined time steps, the electrical parameters were obtained from IV-
curve measurements by the Pasan electronic load device (3.2.3), applying the voltage
sweep in forward direction. Due to the sliding test plane, the net time associated with
IV characterization, where the module was not illuminated (except for the flash), was

minimized to < 10 s. The flash was set to 1000 W /m? and had a duration of 10 ms.
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1Al
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FIGURE 5.3: Qualitative improvement of CdTe IV characteristics through low-
irradiance light soaking.

As a qualitative result in figure 5.3, the IV curves of the module improved with increasing
illumination duration. This is due to both, an improvement in V,. and the FF. The
Voe improvement is represented by an IV curve shift along the x—axis, while the F'F
increase can be found in the higher negative slope of the IV curve between the M PP

and the V., meaning a ”bulgier” curve.
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FIGURE 5.4: V., F'F and P, development of a CdTe module under low light soaking
of 50 W /m? and subsequent dark relaxation.

In quantitative terms, the behaviors of V;., F'F and P, are visualized in figure 5.4 and
absolute values are given in table 5.2. While the I, is not significantly affected by the
low light soaking, V,. and F'F show significant increases of 2.6% and 6.6% respectively,
mainly within the first few minutes of illumination. Consequently, the maximum power

Pppp experiences an increase of 9.4% compared to the initial flash IV measurement.
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FIGURE 5.5: I4q, ideality factor A, R and R, extracted from a single diode equation
fit for 50 W /m? light soaking.

Further parameters were extracted from a single diode equation fit of the IV curves for
each data point and plotted in figure 5.5. The model for the non-ideal diode equation is
explained in chapter 2. In the case of modeling module IV characteristics, the equation
must also include a term for the number of cells n. The CdTe modules used in this test

comprise 116 cells in series.

I'= Tiight — Isat (eﬁ(v +IR) _ 1) VIR, (5.1)
Rgp,

It can be assumed that Ij;gns » Isc. In a numerical fit, the parameters saturation current
Isqt, ideality factor A, series resistance Ry and shunt resistance Rgh are extracted from
the individual IV measurements. In lack of a dark IV characteristic, the precision of
the obtained values has to be treated carefully.
The saturation current I, in figure 5.5 shows a decreasing tendency. With the relation
between V,. and Iy, derived from the illuminated diode equation, a decreasing Is.¢

supports the increase of the V. in figure 5.4.

T (L
Vo = ° 111( light 1) (5.2)
q sat

Likewise, a declining tendency in the ideality factor A can be related to the increase
in the fill factor in figure 5.4. In a qualitative way, lower ideality factors are therefore
also expressed in ”bulgier” IV curves, as observed in figure 5.3. With ideality factors
between 1.3 < A < 2 for well-behaved thin film cells [10], the values appear to be in a
reasonable range.

An increase in the series resistance in figure 5.5 is unexpected, given the overall increased
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Chapter 5. Metastable Effects in Modules 77

Sample CdTe
FS-272 30511
illumination 50 W /m? halogen light soaking
circuit conditions (0]@;
duration [h:min] 2:31
initial Vo, [V'] 88.6
max. Voo [V] 90.9
final V. [V] 90.8
initial FF [%] 59.7
max. FF[%] 63.6
final F'F [%] 63.4
initial Py, [W] 67.6
max. P, [W] 74.0
final Py,pp [W] 73.9
illumination dark relaxation
duration [h:min] 18:34
Voe [V'] after 2:00h 88.9
final V,. [V] 87.9

FF [%] after 2:00b  60.4
final FF [%] 58.6

Prpp [W1] after 2:00h  68.8
final Py, [W] 65.7

TABLE 5.2: Results: CdTe module light soaking with 50 W /m? irradiance and subse-
quent dark relaxation with absolute values for the V,., F'F' and Pp,,, development.

performance of the module, however, the values may be artifacts of the numeric fit, since
Isq: and A also influence the I'V curve slope towards the V.. Also, values for the shunt
resistance extracted from the fit need to be treated carefully, because of high variations

in values due to starting points of the fit.

Figure 5.4 shows, that following the light soaking period, a dark relaxation induces a
reverse effect on the module parameters V,., F'F' and Py,;,. Again, the largest change
can be observed within the first few minutes of relaxation. This is bad news for reliable
characterization procedures, because even after dedicated light soaking pre-treatment,
the dark relaxation will change electrical module parameters within minutes after illu-
mination.

After measuring the effect of dark relaxation for 2h, the module was left in the dark
for another 16:34h before a final I'V flash was done. The final values all lie below the

initially measured values before light soaking, and hence leave the module at a worse
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78 Chapter 5. Metastable Effects in Modules

state than before light soaking. With a V. at 99.2% and a F'F" at 98.2% of the respective
initial values, the Py, accumulates the losses and yields 97.1% of the initially measured
maximum power.

A possible explanation for this drop below initial electrical characterization values could
be an actually ”undefined” and hence not fully relaxed state prior to the light soaking
treatment, despite the special care which was taken for storing the modules in darkness.
A general deterioration of the modules over the time period of several months was not

observed.

5.2.3 50 IV light soaking under different bias conditions

Low irradiance light soaking und different bias conditions

Cell material CdTe

Device treatment Light soaking

Test stand IV flasher (3.2.1)
Light source Halogen lamp field
Irradiance [W/m?] 50

INumination duration [h:min] between 1:30 to 2:30
Bias state OC, MPP, SC

The same procedure as described in 5.2.2 was adhered to also for low irradiance light
soaking with the modules kept at a bias. In addition to light soaking at open circuit
condition, a CdTe module was also illuminated while being kept at the maximum power
point and under short circuit condition. The bias was applied through a power supply
at the respective levels measured in the earlier IV characterization. During the light
soaking phase, the bias was only disconnected for the time being of a characterization
flash and re-applied immediately afterwards. For reasons of comparability, the same
CdTe module was used for all three light soaking events, on different days providing

enough time for the module to undergo relaxation in between.

Figure 5.6 exhibits the development of the V,., F'F' and Py, under light soaking for the
three bias conditions. All three light soaking phases resulted in an improvement of the
electrical parameters shown, while the I, did not change in any significant way. The ob-
servation shows clearly, that illumination under open circuit conditions has the strongest
metastable effect on the the CdTe module. The smallest effect could be observed under
short circuit condition. Keeping the module at maximum power point conditions via
the power supply, however, yielded increases in between the other two.

These results show well, how flooding the junction with charge carriers can affect the
metastable behavior of the photovoltaic device. In table 5.3 the values for V., F'F’ and
Pp,pp are displayed.
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F1GURE 5.6: Comparison of different bias conditions during low irradiance light soaking
of 50 W /m?. The graphs show the development of V,., FF and Pr.pp at open circuit,
maximum power point and short circuit conditions for a CdTe module.

100 150
light soaking t [min]

light soaking t [min]

illumination 50 W /m? halogen light soaking
short circuit

circuit conditions open circuit

maximum
power point

duration [h:min]  2:31 2:15 1:35
initial Vo [V] 88.6 87.1 87.6
max. Vo [V] 90.9 88.8 89.0
final Vo, [V] 90.8 88.8 89.0
initial FF [%] 59.7 57.6 58.6
max. FF[%] 63.6 60.5 60.6
final FF [%] 63.4 60.4 60.5
initial Py, [W]  67.6 64.4 65.8
max. Py, [W]  74.0 69.5 69.5
final Py, [W] 73.9 69.4 69.5

TABLE 5.3: Results: CdTe module light soaking with 50 W /m? irradiance under
different bias conditions with absolute values for the V,., F'F' and P,,,, development.

150
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80 Chapter 5. Metastable Effects in Modules

5.2.4 1000 W light soaking

1000W light soaking

Cell material CdTe

Device treatment Light soaking

Test stand Static solar simulator & Pasan electronic load
Light source Static solar simulator

Irradiance [W/m?] 1000

INumination duration [h:min] 2:30

Bias state (0]@;

In contrast to the previous light soaking treatments for CdTe modules with a low irra-
diance, now the effect of a one-sun light soaking equivalent was investigated. For this
purpose, a different setup was used. The modules were kept inside the static solar sim-
ulator (see section 3.2.2) for both light soaking and IV characterization sweeps. This in
situ setup enabled light exposure and characterization without time delay. For obvious
reasons, the reference cell also needed to be kept inside the static solar simulator.
Differences in the characterization setup can be attributed to a slightly different spec-
trum of the light sources (class B), however, tests have proven the comparability of IV
characterizations for various module technologies between the flasher and the static solar
simulator.

A greater challenge proved to be the thermal stability of modules within the setup.
Because of the nature of the experiment of suddenly exposing a module to 1000 W /m?
irradiance, large temperature fluctuations of the modules could be observed. Starting
at 25 °C, the module’s temperature could rise above 45 °C within minutes, before the
air cooling effect of the solar simulator showed an effect. Because of the insufficiency of
the temperature correction parameters for temperatures strongly deviating from 25 °C,
the temperature effect of this experimental setup could not be neglected.

This is why, eventually, the modules were pre-heated with a heating blanket before the
light treatment, while still in the dark. This way, an adequate stationary thermal state
throughout the light soaking period in the static solar simulator could be reached and
the temperature effect could be ruled out.

After the light soaking period, the modules were, however, transferred to the IV flasher,
in order to provide a dark environment for the relaxation phase. Moving the modules
from one setup to the other took two minutes, before the first IV flash could be done.
Figure 5.7 shows the electrical parameters V,., F'F' and P, for a CdTe module at
one-sun irradiance light soaking and subsequent dark relaxation. In figure 5.8 the fitted

values of I44, ideality factor A, Rs and Ry, are plotted for the light soaking duration.
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FIGURE 5.7: 1000 [W/m?] light soaking and subsequent dark relaxation for a CdTe
module. The graphs show the normalized development of V,., F'F and Py, at open
circuit conditions.

6 x10%
Z‘ 4
£
E:
-2
0 e st 15 ‘ ‘ ‘
0 50 100 150 0 50 100 150
light soaking t [min] light soaking t [min]
2000J7
B
1500 Y
S Yo Y v v
._; % \v4 v v
E Vv v v
51000 Y ¥
o
7000 : : : 500 : : :
0 50 100 150 0 50 100 150
light soaking t [min] light soaking t [min]

FIGURE 5.8: I44, ideality factor A, Rs and R, extracted from a single diode equation
fit for 1000 W /m? light soaking.
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Sample CdTe
FS-272 30307
illumination 1000 I/V/m2 light soaking static solar simulator
circuit conditions oC
duration [h:min] 2:35
initial V. [V] 87.0
max. Vo [V] 89.3
final V. [V] 88.8
initial F'F [%] 59.2
max. FF[%] 62.3
final F'F [%] 60.7
initial P, [W] 53.1
max. P, [W] 61.5
final Pp,pp, [W] 60.1
illumination dark relaxation
duration [h:min] 2:04
first dark V,. [V] 89.7
final V,. [V] 87.2

first dark FF [%] 60.9
final FF [%] 60.0

first dark Pp,p, [W]  57.0
final P, [W] 54.2

TABLE 5.4: Results: 1000 [W/m?] light soaking and subsequent dark relaxation for a
CdTe module. Absolute values for the V,., F'F' and P, development.

In this setup, the first measurement point was taken as initial characterization from
the IV flasher. Different from the light soaking phases at 50 W /m?2, the increase in
all displayed electrical parameters happens almost immediately within the first minute.
Following this jump, the V,. and F'F' exhibit a slight decrease, which can consequently
be observed in the P, as well. Trends in the fits for the saturation current Is,; and
the ideality factor A support this dynamic, whereas the values for series resistance Rq
and shunt resistance Ry prove less reliability being extracted from the fit.

The decrease of the V,., F'F' and P,,,, during the dark relaxation phase shows, that
a performance enhancing metastable light soaking effect has actually occurred after
the initial I'V flasher characterization values. The small fluctuations of the values in the
beginning of the light soaking cycle can be explained by a slight temperature drop of 5 °C
in the first two minutes. Even at small temperature changes around STC temperature,

the deficiency of temperature coefficients for metastable effects could be observed.
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Chapter 5. Metastable Effects in Modules 83

Interestingly, the V,. and P, show a certain gap between the last measured values
during light soaking and the first measured values in dark relaxation. While the P,
exhibits a significant decrease, the V,. appears to increase in the beginning, before
entering the relaxation decrease which can also be observed in other CdTe dark relaxation
phases, like in figure 5.4. The different spectra of the two light sources sources in the
test setups could have an impact on the observed jump. The initial sweeps were taken
in the flasher (see section 3.2.1) with a class-A spectrum, whereas the sweeps during the
light soaking period were done under 1000 W /m? illumination of the static sun simulator

(section 3.2.2) with a class-B spectrum.

5.3 CIGS modules

Three commercial CIGS specimen by former Wiirth Solar were available for testing. The
modules underwent initial characterization and stabilization according to IEC 61646 [99].
Their main parameters are shown in table 5.5 and can also be viewed in more detail in

the data sheet in Appendix B.

Cell material CIGS
Manufacturer Wirth Solar
Module type ~ WSG0036E070

Prpp (W] 70
Vopp [V ] 33
Lpp [A] 2.12
Vo [V] 42.3
I [A] 2.4

TABLE 5.5: CIGS module specimen parameters at standard test conditions.

Electroluminescence images of the modules were taken for visual inspection of the module
quality and can be viewed in figure 5.9, where some malfunctioning areas in dark spots

can be detected.

5.3.1 CIGS low irradiance light soaking

For this test, the module was illuminated in the indoor IV flasher setup (3.2.1) under
the halogen lamp array in the same setup as the CdTe modules. Given the chosen
low irradiance, the temperature of the module could be kept stable at room tempera-
ture throughout the experiment. After defined time steps, electrical parameters were
obtained from IV-curve measurements by the Pasan electronic load device (3.2.3), ap-

plying the voltage sweep in forward direction. Due to the sliding test plane, the net time
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FI1GURE 5.9: CIGS modules: Electroluminescence images of the untreated test devices.

Low irradiance light soaking

Cell material CIGS

Device treatment Light soaking
Test stand IV flasher (3.2.1)
Light source Halogen lamp field
Irradiance [W/m?] 50

INlumination duration [h:min] 2:49

Bias state oC

associated with I'V characterization, where the module was not illuminated (except for
the flash), was minimized to < 10 s. The flash was set to 1000 W /m? and had a duration
of 10 ms.

While figure 5.10 shows, that the V. is not affected by large metastable changes, it
shows an upwards trend nonetheless, climbing by 0.2 % after 1:59 h of illumination.
The FF and as a secondary effect the P, experience larger changes, after an initial
dip in the first 3 minutes. Looking at the change in V,. compared to F'F, it becomes
apparent, that the P,,,, roughly follows the development of the F'F' in this case. This
can also be qualitatively understood by looking at the development of the IV curve
shapes in figure 5.11. In contrast to the CdTe modules, where the V,. is more heavily
affected by illumination, the V,. in these CIGS modules remains rather stable, while
the values of V,,;, and I,;,, for the maximum power point improve alongside with the
FF. The values for Iy, ideality factor A, Rs; and R, in figure 5.12 were extracted
from numerical fits using the single diode equation 5.1. Despite three outliers, which are
probably fit artifacts, the saturation current does not show a significant trend, which is
also represented in the relatively steady V,.. Disregarding the outliers, the fits for the

ideality factor A exhibit little variation, which leaves the recognizable decrease of the
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series resistance R as the main contributor to the rise in the F'F', which is also visibly

noticeable in the overlay of IV curves in figure 5.11.
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FIGURE 5.10: V.., FF and P, development of a CIGS module under low light
soaking of 50 W /m? and subsequent dark relaxation.
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FIGURE 5.11: Qualitative improvement of CIGS IV characteristics through low-
irradiance light soaking.

While most of the parameter change from illumination happens within the first hour of
illumination, this is not true for the dark relaxation. In the first 7 minutes of relaxation,
all three observed parameters even rise above the level of final illumination. Afterwards,

a rather sharp drop occurs for V,. and P,p,, however, levels for all three stay well
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FIGURE 5.12: I,4, ideality factor A, R, and Ry, extracted from a single diode equation
fit for 50 W /m? light soaking.

above the initial characterization before light soaking (100 %), even after 12 h of dark
relaxation. Values for dark relaxation after a closely followed period of 1:59 hours are
given in table 5.6. The module was stored in the dark and characterized again after
12h and eventually after 40 days. Only then, the initial levels before illumination could
be detected, which poses a stark contrast to the relaxation behavior of CdTe modules.
Apparently, relaxation in CIGS modules works at much slower time constants. It is
important information for correct characterization, knowing that a light induced excited

state will not return to the relaxed state within at least 12 h of dark storage.

5.4 Comparison with a-Si modules

In contrast to the chalcogenide solar cell technologies, silicon based technologies are typi-
cally not known for showing metastable behavior. Other than mono- and polycrystalline
Si cells, hydrogenated a-Si is prone to the well established Staebler-Wronski effect [101],
where changes in electrical parameters occur based on long lasting, high irradiance. The
effect can mainly be attributed to defects of neutral dangling bonds Dy [118] and is
reversible when annealed under high temperatures of 170-200 °C.

Because amorphous silicon is a thin film technology, it was decided to include them
in the early light-soaking study and investigate any non-Staebler-Wronski short-term
light soaking behavior. The used specimen underwent initial characterization and sta-

bilization as well as electroluminescence characterization. Displayed in figure 5.13, the
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Chapter 5. Metastable Effects in Modules 87

Sample CIGS
GeneCIS 472

illumination 50 W /m? halogen light soaking
circuit conditions oC

duration [h:min] 2:49

initial Vo [V'] 43.7

max. Vo [V] 43.8

final V. [V] 43.8

initial F'F [%] 68.2

max. FF[%] 69.5

final F'F [%] 69.4

initial Py, [W] 73.8

max. P, [W] 75.6

final Pp,pp, [W] 75.5

illumination dark relaxation
duration [h:min] 1:59
Voe [V'] after 1:59h 43.8
Voe [V] after 12:00h  43.8
Voo [V'] after 40 days  43.7
FF [%] after 1:59h 69.3
FF [%] after 12:00h  69.0
FF [%] after 40 days 68.2
Prpp [W1] after 1:59h  75.1
Pppp [W] after 1:59h  74.8
Prpp [W] after 1:50h  73.8

TABLE 5.6: Results: CIGS module light soaking with 50 W /m? irradiance and subse-
quent dark relaxation with absolute values for the V,., F'/F' and P,,,, development.

modules show a good quality judging by the lack of visible defects in electrolumines-

cence. The respective electrical parameters of this module type can be found in the

following table 5.7.

5.4.1 a-Si low irradiance light soaking

The low irradiance light soaking was particularly valuable for investigating metastable

effects in a-Si modules, while ruling out the Staebler-Wronski effect. Because of the low

irradiance used in these short-term light soaking experiments, it can be assumed, that

no Staebler-Wronski effect influences the electrical module parameters [119].

For this test, the module was illuminated in the indoor IV flasher setup (3.2.1) under
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(a) ASIO7-413 (b) ASI97-414 (c) ASIO7-417

FIGURE 5.13: a-Si modules: Electroluminescence images of the untreated test devices.

Cell material amorphous silicon
Manufacturer Schott Solar
Module type  ASI97

Prpp (W] 97

Vinpp [V'] 17.4
Ipp [A] 5.57
Voe [V] 23.7
I, [A] 6.72
TABLE 5.7: a-Si module specimen parameters at standard test conditions after stabi-
lization.
Low irradiance light soaking
Cell material a-Si
Device treatment Light soaking
Test stand IV flasher (3.2.1)
Light source Halogen lamp field
Irradiance [IW/m?] 50
Ilumination duration [h:min] 2:07
Bias state ocC

the halogen lamp array in the same setup as the CdTe and CIGS modules. At the low
irradiance, the module temperature was kept stable at room temperature throughout the
experiment. The experimental procedure also followed the same guidelines as already
mentioned for the CdTe and CIGS tests.

Figure 5.14 shows how the electrical parameters of the a-Si module change throughout a
low light soaking phase and a subsequent dark relaxation period. The V. is - similar to
the results of the CIGS module - little affected by the light soaking treatment, however,
also shows an upwards trend by 0.4 % after 2:07 h of illumination. This trend is almost
entirely reversed after the 2:07 h dark relaxation period, which indicates that in fact

another effect than Staebler-Wronski caused the light induced increase. This is also the
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FIGURE 5.14: V., FF and P,,;, development of an a-Si module under low light soaking
of 50 W /m? and subsequent dark relaxation.

case for the F'F' and the P,,,, observations, where however, measurement results do
not follow as smooth a trend as the V,.. This can be due to the dependency of these
parameters on several others each, making it more prone to fluctuation.

Values for the test series are given in table 5.8, which show the small change in absolute

terms.

5.5 Stabilized and reliable CIGS characterization

In order to establish a practical preconditioning method, NREL proposed a procedure
for CIGS stabilization and measurement majorly relying on forward bias treatment [120].
The proposal was designed as a round robin test among several characterization facilities
being part of the International Energy Agency Photovoltaic Power Systems Programme
Task 13, Subtask 3.1: Characterization of Performance of Thin-film Photovoltaic Tech-
nologies. The full report of Task 13 was published by IEA subsequently [121].

5.5.1 The NREL characterization practice

The primary motivation for an alternative preconditioning method is the current inad-
equacy of the standard IEC 61646 [99] for characterization of thin film modules other

than amorphous silicon.
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90 Chapter 5. Metastable Effects in Modules

Sample a-Si
Schott ASI97

illumination 50 W /m? halogen light soaking
circuit conditions OC
duration [h:min]  2:07

initial Ve [V] 24.9

max. Vo [V] 25.0
final Ve [V] 25.0
initial FF[%]  69.0
max. F'F[%] 69.6
final F'F [%] 69.3

initial Py, [W]  125.7
max. Py [W] 126.9
final Py,pp (W] 126.7

illumination dark relaxation
duration [h:min]  2:07
final V. [V] 24.9
final FF [%] 69.1

final Py, (W] 125.7

TABLE 5.8: Results: a-Si module light soaking with 50 W /m? irradiance and subse-
quent dark relaxation with absolute values for the V,., F'/F' and P,,p, development.

By applying forward bias rather than light soaking for preconditioning, heating up of the
modules can be avoided to some degree. Hence, the time between preconditioning and
characterization can be minimized and the modules undergoing significant relaxation
before characterization can be avoided.

The round robin procedure suggests the following steps:

1. Collect the dark IV-curve at STC and determine I;(V,.) at the expected light V.

2. Expose the module to light for 5 consecutive hours at maximum power point

condition, either
- Indoors at 1000 W /m? under a CCC class light source or better, with the
module temperature between 40-60 °C, or

- Outdoors exposed to natural sunlight of 300-1300 W /m? at module temper-
ature between 25-85 °C
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Chapter 5. Metastable Effects in Modules 91

3. Record light IV-curve for comparability reasons of the round robin test immedi-

ately after light soaking

4. Forward bias module at 14(V,.) during cool down for not more than 5 minutes to
reach 24.5-25.5 °C

5. Record light IV-curve according to characterization standards

A full description of the proposed procedure can be found in Appendix A.

5.5.2 Validation of NREL practice

As part of a round robin test, the proposed procedure was validated by following orig-
inal method as well as contrasting it with certain alterations. Results and additional
characterization of used samples can be found in [122].

Two sets of devices were used for following the NREL procedure. In the first run, four
un-encapsulated mini-modules fabricated at Angstrém Solar Center were examined. The
mini-modules were made specifically for this test together with the CIGS cell samples
according to the baseline procedure explained in section 4.

Because of suspected variations in module behavior depending on different spectral light
exposure [33], the NREL procedure was followed with indoor and outdoor light expo-
sure, as well as by applying spectral filters for only red or blue light exposure, as given

in table 5.9.

Module sample Light soaking Exposure Voc [%]  FF[%])  Pppp [%]
duration [min]

9105-6313 indoor white (A) 328 +1.5 -4.8 -5.1

8846d outdoor 413 +2.7 +3.1 +7.5

9105-1313 red 397 +0.5 -2.3 -2.2

9105-1363 blue 405 +1.7 +1.2 +2.4

TABLE 5.9: List of NREL characterizations with CIGS mini-modules.

Figure 5.15 shows the normalized change in V,., F'F" and P, compared to the initial
characterization for these different spectral exposures, measured according to the sug-
gested NREL procedure. While the I, was not subject to significant change, the values
shown in the plot indicate an increase in V. after light soaking in all spectral ranges,
even though it varies between +0.5% for red and +2.7 % for outdoor light exposure.

Looking at the F'F' and the maximum power, it becomes evident, that the modules
actually suffer in performance after exposure to indoor white light and red light. The

-5.1% and -2.2% dip in Py, is mainly due to a very similar decrease in the F'F'.
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FIGURE 5.15: CIGS mini-modules characterized according to the suggested NREL pro-
cedure. V., F'F and P,,,, development after light exposure indoors (class A spectrum),
outdoors, under a red filter and under a blue filter.

The results may be affected by varying module behavior due to variations in the fab-
rication process, leading to different overall light soaking behavior of the used samples.
Nevertheless, they illustrate how spectral variations in the used light source can affect
characterization outcomes. This is indicated by the difference between red and blue
exposure and the even larger deviation between indoor white class A light soaking and

outdoor exposure.

Aside from the characterization of CIGS mini-modules, three commercial modules, which
are described in section 5.3, underwent the suggested NREL procedure, listed in table
5.10. One module was illuminated indoors in a class B solar simulator (see section 3.2.2),
another one was illuminated outdoors and the third module was put under a UV-A lamp
array, as an alternative light soaking suggestion. This could benefit from a drastically

decreased illumination duration needed for the desired metastable effect.

Module sample Light soaking Exposure Voe (%] FF[%]  Popp [ %]
duration [min]

401-001 indoor white (B) 320 +2.2 +4.9 +7.5

514-001 outdoor 358 +3.3 +4.9 +8.4

472-001 UV-A 15 (114 W /m?) +1.4 +4.1 +5.8

TABLE 5.10: List of NREL characterizations with commercial CIGS modules.

Figure 5.16 shows the results for V,., F'F' and P, of the three modules following the
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F1GURE 5.16: Commercial CIGS characterized according to the suggested NREL pro-
cedure. V,., FF and P,,p, development after light exposure indoors (class B spectrum),
outdoors, and under 15 minutes of UV-A illumination.

NREL characterization procedure. Unlike the un-encapsulated mini modules, the com-
mercial CIGS modules exhibit a much more homogeneous behavior. All displayed values
show an increase after illumination and bias treatment. While the outdoor light soaking
yields the highest increase in parameters, it is possible, that the UV-A illumination has
not reached a saturated state yet. By increasing the UV-A light soaking duration, the
exposure may be shortened to only half an hour or less. Finding the ideal illumination

time is subject to further research.
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Chapter 6

Discussion of Results

The previous chapters have shown experimental evidence of metastable behavior in CIGS
cells and modules and CdTe modules. The extensive study encompasses variations of
material compositions in the buffer layer of CIGS, buffer layer thickness in CIGS, as
well as different bias conditions during illumination and different illumination spectra
for both cells and modules.

Inconsistencies in some behavior illustrates, how heavily affected electrical device char-
acteristics are by alterations in the material composition and sometimes unknown mag-
nitudes of defects. Generally speaking, the results from commercial modules tend to
be more consistent than the cell series. This is can be explained by the fact that the
used cells do not always show perfect cell behavior. Even though only the best samples
were taken for metastability tests, the behavior of the utilized cells is clearly not as
reproducible compared to commercial modules. Also, the cells are more prone to long
therm changes, due to their un-encapsulated state.

The following sections will summarize the findings.

6.1 Impact of bias and light

If metastable behavior induced by forward bias or light exposure were to share the same
root cause, this finding could have very beneficial effects for stabilization methods neces-
sary for electrical device characterization. In this case, forward bias treatment could be
considered a viable pre-treatment instead of lengthy light soaking procedures for chalco-
genide solar devices.

The results in section 5.2.3 show a dependency of the effect of white light soaking on
Voe, FF and subsequently on P, on CdTe modules. Illumination under open circuit

conditions results in higher increases in all three factors, while short circuit conditions

95
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96 Chapter 6. Discussion of Results

result in the lowest increase.

This illustrates however, that bias conditions do not cancel or overpower a white light
soaking effect in the investigated CdTe modules. Figure 5.6 also demonstrates, that
a light induced metastable effect does affect a module under real operating conditions
(MPP), since for the investigated modules an increase in Py, of more than 7% could
be found. Procedures applied to characterize CdTe modules for power rating should
therefore consider the effect of the bias condition during any phase of light soaking.
Moreover, results form forward bias treatment of CdTe modules in section 5.2.1 show
contrasting behavior to light soaking treatment of the same modules in the subsequent
sections. This disparity is supported by similar findings about the performance stabi-
lization of CdTe modules in [123]. There, it is shown that bias-only treatment does not
always result in the same metastable states as light soaking does. Hence, it is concluded,
that the underlying mechanisms for metastable effects in CdTe devices do not share the
same roots for bias or light treatment, however, in [123] it was not distinguished between
red, white or blue light exposure.

The CIGS cell light soaking investigations under different bias conditions in sections 4.1.6
for CdS buffer layers and 4.1.7 for ZnSnO buffer layers leave an inconclusive picture. It
can be stated, that the bias condition certainly has an influence on the development of
the V,. and the F'F. However, in the case of the investigated CIGS cells, the influence
is not completely consistent.

Especially for the bias effect in combination with light soaking, further test are necessary
with very well behaved devices. By changing the bias condition, another dimension of
potential effects is added to the light induced metastable effect. When dealing with less
well behaved samples, it becomes too complex to single out individual sources for the
observed behavior.

The effect of forward-bias-only on metastable behavior has already been shown for CdTe
in [35] and for CIGS in [124]. It is suspected, that the bias-only effect shares the same
origin as red light soaking does (see section 2.3.4). In [33], it is shown, that the donor
defect N1, which is related to metastablities in CIGS, has similar activation energies for
forward bias, red and white light soaking. It does, however, show a significantly lower
effect on capacitance-temperature (CT) profiles in comparison to red and white light

soaking. Further research is required for a similar investigation of CdTe devices.
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FIGURE 6.1: Normalized changes of V,., FF and Py, in CdTe modules for light
soaking at 50 W /m? and 1000 W /m? dependent on incident energy.

6.2 Impact of irradiance

To date, there are no studies investigating the influence of the irradiance level on
metastable effects. In section 5.2, CdTe modules were illuminated at different intensi-
ties. Unlike light soaking defined in the IEC 61646 [99], where irradiance levels between
600-1000 T /m? are allowed, most light soaking experiments in this work were done at
50 W /m?2. The purpose of light soaking in the IEC standard is to permanently stabilize
thin film modules, primarily for overcoming the Staebler-Wronski effect for a-Si technol-
ogy. Short-term metastable effects, however, are not accounted for.
For investigating metastable effects in this study, low irradiance of 50 W /m? was chosen
to avoid uncontrolled temperature fluctuations and keep the modules steady at STC
temperature. The results in chapter 5 for both, CdTe and CIGS modules show, that
metastable changes are already observable at this low intensity. Contrasting low irra-
diance effects of CdTe modules of section 5.2.2 with the results of section 5.2.4 with
light soaking at 1000 W /m? indicates that metastable changes follow a different time
constant depending on the irradiance. The investigated devices show a steeper increase
in Ve, F'IF and P, overall. This difference in the time constant could be observed
in all measurements at low and high irradiance in CdTe devices. In figure 6.1, the V.,
FF and P, are charted against the cumulated incident energy for light soaking at
50 W /m? and 1000 W /m?2. Unlike considering only the illumination time, it appears,
that saturation of the effect occurs within the same order of magnitude, when consider-
ing the overall incident energy. This is proportional to the number of incident photons,
given similar spectral distributions.

Remaining differences could be attributed to differing spectral distributions of the light
sources for low and high irradiance illumination. While for low irradiance, a common
halogen lamp field was used, the static sun simulator runs at a class B spectrum at

1000 W /m?2. Even though, the exact spectral distribution of the halogen lamps could
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FIGURE 6.2: Buffer layer band gap of CdS, Zn(0O,S) and ZnSnO in reference to solar
spectrum. Original image from [125].

not be determined, it is certain, that the illumination of the static sun simulator contains
significantly higher levels of blue and other visible short-wavelength photons.

Also, the generation and recombination dynamics of defect centers and traps could re-
spond differently to different irradiance levels. This can be another reason for variations

in the time constant for the saturation of metastabilities and needs further investigation.

6.3 Impact of illumination wavelength

Most solar module test laboratories lack module-size lamp arrays for single optical wave-
lengths. As an alternative, optical filters could be used. However, commercial module-
size optical filter films typically do not have very narrow transmission bands. This is why
it is difficult to come by tests at single or narrow wavelength bands for solar modules.
Because literature (see section 2.3.4) describing metastable effects in CIGS cells indicates
a correlation with the spectral range of the light exposure, the effect of light soaking at
different colors on metastabilities in CIGS cells was investigated in this work.

While the photon energy of the red LED used for the experiments in chapter 4 is well
below the band gap of any used buffer material, the energy of the blue LED at around
450 nm is above the CdS band gap and within the range of the suspected Zn(O,S) and
ZnSnO band gaps. To a significant part, the light of the white LED is also composed of
blue light at 450 nm.
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Voe FF
red white Dblue red white blue
CdS N N N A N N
Zn(0,S) =t =t N N A N
ZnSnO N N N/ ~ ~ A

TABLE 6.1: Comparison of metastable behavior of V,. and F'F in CIGS cells upon red,
white and blue light soaking.

The light soaking cycles in chapter 4 show that the buffer layer of a CIGS cell plays
a decisive role for the metastable behavior of the cell. As the buffer layer must have
a wider band gap than the absorber material in a heterostructure solar cell, only high
energy photons can be absorbed by the buffer layer. CdS, the most widely used buffer
layer material has a band gap of F; = 2.4 -2.5 eV. The band gap for the alternative
buffer layer material Zn(O,S) was determined to be between E, = 2.7 -3 eV [111]. For
ZnSnO the optical band gap was found at £, = 3.3 eV [108]. The band gap of these
buffer layers for CIGS cells in relation to the solar spectrum available for photovoltaic
energy is displayed in figure 6.2.

Aside from the differences in the band gap, different buffer layer materials vary in their
ability to passivate the absorber surface. This interplay between the layers can also
affect the predominant recombination path [26]. For example, in CdS buffer layer cells,
the activation energy E, indicates a space charge region dominating recombination as
dominant path. In cells with Zn(O,S) buffer layers, F, points to interface recombina-
tion as the predominant path, however, other recombination paths may be similar in
magnitude.

The delicate interaction of layer materials, their grain sizes, interface effects and defects
expose the complexity of observations like metastabilities. It certainly plays a role in
the sometimes seemingly inconsistent behavior of different cells to light soaking.
Comparing the results from light soaking of CIGS cells with different buffer layers and
different wavelengths in table 6.1, a variety of behaviors could be detected that shows

the multitude of observations.

In the chapter 4 test series of CIGS cells with different buffer layer thicknesses, red light
soaking has the most detrimental effect on the V.. All but one cell exhibit a moderate
increase in the V,. upon blue light soaking and a drop in between both red and blue for
white light soaking. This not only shows two opposing behaviors for red and blue light
soaking for the CIGS samples with ZnSnO buffer layers, but also indicates an overlap
between red and blue light soaking effect under white light soaking.
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100 Chapter 6. Discussion of Results

Red and blue light effect in CIGS Interestingly, the magnitude of the metastable
effect under red, blue and white light soaking differs for different buffer layer thicknesses
for the V,. and the F'F. Assuming, that red light passes through the buffer layer
unaffected by its thickness, the effect of the buffer layer on metastabilites must go beyond
the absorption of high energy photons. In [108], all samples from this series are analyzed
and compared. An overall trend of decreasing V,., increasing series resistance R, and
decreasing shunt conductivity G with increasing ZnSnO layer thickness is presented.
Also, an overall decrease in cell efficiency n with increasing layer thickness is shown
in [108]. The effects of the buffer layer thickness on the overall cell performance can
therefore be an indicator for varying responses to red light soaking.

While most literature sources report a V,. increase following red light soaking, falling
Veoe and both increasing and decreasing F'F' have also been reported [39, 45, 52].

As suggested by [42], blue photons with hv > Egpuffer can be absorbed within the
buffer layer and trigger metastable behavior. The LED used for blue light soaking emits
at 450 nm, which is well above the CdS band gap and in the range of the suspected
Zn(0O,S) band gap, which can be compared with figure 6.2. A systematic difference
in response to blue light between CIGS cells with different buffer materials, however,
could not be detected. Nevertheless, it is confirmed in all experiments, that CIGS cells
show different metastable behavior upon exposure to blue, red and hence white light.
However, the present results do neither clearly support or oppose one of the models
offered by theoretical considerations.

The CIGS mini-module tests presented in section 5.5.1 show a minor increase in the V.
and a decrease in the F'F' upon red light exposure, with an overall decrease in maximum
power Py,,,. This is opposing the blue light and the outdoor exposure tests, where V.,
FF and P, all improve from light soaking. Interestingly, the cell undergoing indoor
light soaking under a class A solar simulator shows the worst power performance after

exposure.

6.4 Summary

e Metastable behavior induced by light soaking cannot be entirely reproduced by bias
instead, because the investigated electrical characteristics (Voe, F'F and Py,pp) of
CIGS devices respond differently to light exposure of different wavelengths. Results
of test with red, blue and white light soaking are described in chapter 4 and verify,
that different kinds of effects are triggered by photons of different wavelengths.

Similar conclusions for CdTe modules were made by Silverman et al. [123].

e While most literature reports metastable behavior from light exposure around one

sun (1000 W /m?), the results in chapter 5 show that significant metastable effects
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Chapter 6. Discussion of Results 101

in chalcogenide devices can also be observed at low irradiance levels of 50 W /m?.
Sub-minute time resolutions of electrical parameters point to faster time constants

at higher irradiance.

e Post light soaking, CIGS cells show different levels of reflectance in the NIR spec-
trum, described in section 4.3. The reflectance can either increase or decrease

upon light soaking, depending on the buffer layer material.

e With the observations in chapters 4 and 5 being so diverse, neither theoretical

model described in section 2.3.5 can be distinctly confirmed or contradicted.

e Material and layer composition has a significant effect on metastable behavior. Ex-
aminations with CIGS cells and three different buffer layer materials and thickness
(see chapter 4) reveal the impact of the buffer layer on the metastable behavior of
CIGS devices.

e A small reversible effect induced by light soaking and not related to the Staebler-

Wronski effect could be detected in amorphous silicon modules. (See section 5.4.1)

6.5 Implications for the characterization of modules

Temperature Regardless if the source for metastable behavior is bias or light, a
change in temperature of the device can influence the resulting metastable state. In
[123] it is suspected, that temperature coefficients of CdTe devices are also subject to
metastable changes caused by bias or light. For the interpretation of the V. development
in section 5.2.1 it means, that the voltage drop could be a result of both, the metastable
effect of the bias treatment plus a share of the drop resulting from a metastable tem-
perature coefficient.

There are no studies systematically investigating the metastable effect on the temper-
ature coefficient. Therefore it is necessary to rule out any influence secondarily caused
by bias or light through a temperature change. For this reason, characterization at
STC is essential and pre-treatment with either bias or light should be limited to small

temperature changes for the device.

Material composition Typically, a detailed material composition of all layers in a
commercial chalcogenide device is not known to a test facility. Therefore it is imprac-
tical to suggest characterization rules dependent on certain material attributes, such as
the buffer layer material. Generally speaking, the fewer defects a cell has, the better

”behaved” the cell or module will be, which is fortunately true for most commercially
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102 Chapter 6. Discussion of Results

available modules. The link between defects of various kinds and metastabilities in dif-
ferent theoretical models (see section 2.3.5) and observations with cells of good and poor

electrical characteristics support this statement.

Bias pre-treatment Forward bias as a single step for pre-conditioning devices for
electrical characterization can induce metastable behavior, which is summarized in sec-
tion 2.3.4. Confirming the link between the forward bias effect and the red light soaking
effect, which is described in many scientific sources, was not part of this work. However,
the clear verification of differences in electrical parameters after red or blue light soaking
shows, that bias by itself cannot account for all metastable changes in a cell. Therefore
it is not recommended to establish a testing procedure purely relying on forward bias
pre-treatment.

Using bias to fix a metastable state of a cell for a certain period of time, as it is proposed
in the NREL procedure in section 5.5.1, requires further investigation. Since forward
bias induces metastable behavior by itself, it is arguable whether it can be used to put a

device in a stable condition for electrical characterization after a light soaking treatment.

Light soaking pre-treatment A common testing procedure should be valid and
reproducible for all possible metastable behavior in thin film devices. Given the variety
of metastable effects, this poses a challenge to any simplified procedure. Three aspects
of pre-treatment through light soaking can be modified: irradiance, spectral composition
and duration.

Tests in section 5.2 investigated the implications of low irradiance light soaking at
50 W/m? and light soaking at 1000 W /m?2. In the CdTe devices, no absolute differ-
ence could be determined between low irradiance light soaking and light soaking at
one sun. However, electrical parameters jump to the maximum values within the first
minute of illumination, while in the cases of low irradiance, significant increase occurs
throughout the entire first hour of illumination.

The spectral composition of the illumination is obviously related to triggering either red
or blue light soaking effects or a mix of them. Literature and experiments in this work
in chapter 4 have investigated CIGS cells. It could be verified, that the buffer layer
material and thickness have a significant influence on the cell’s metastable behavior.
Because of the similar cell structure in CdTe devices e.g. by using the same buffer layer
material of CdS, it can be speculated that this spectral sensitivity will also be the case
in CdTe cells.

For commercial device characterization for power rating it can be recommended to pre-

treat modules with a light source as close as possible to the AM 1.5 reference spectral
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Chapter 6. Discussion of Results 103

irradiance. This way, the best match between real operating conditions and characteri-
zation is guaranteed.

Verification of the NREL procedure in section 5.5.1 was also done using a UV-A light
source. The procedure yielded a comparable result for V,., F'F' and P,,,,, despite a
significantly shorter illumination duration of only 15 min. Nevertheless, only relying
on illumination in the blue end of the spectrum cannot be recommended for accurate
device characterization, given the strong differences of metastable behavior in different
spectral regions.

The standard IEC 60904-9 [102] labels solar simulators in classes A, B and C. Among
other criteria, the classification is based on a spectral match in six wavelength intervals
of the spectrum between 400 and 1100 nm. Class A allows for a mismatch of +25%
in each interval, class B qualifies a +40% mismatch and class C a -60% and +100%
mismatch.

Because of the above mentioned results in this work regarding low irradiance light soak-
ing, it can be assumed, that all spectral classes A, B and C for solar simulators yield
sufficient results with respect to metastable behavior of chalcogenide devices.

Lastly, the duration of light soaking determines, if the metastable state is still building
up or is already saturated. Depending on the irradiance, the required amount of time
may significantly change, as was shown in section 5.2. Experiences with investigated
commercial devices of both CdTe and CIGS have shown, that saturation was reached
after 120 min of light soaking at low irradiance. This was also the case for the majority
of CIGS cells, however, irradiance was equaling AM 1.5 J,..

Light soaking for five hours as proposed in the NREL in section 5.5.1 procedure may be
reduced to two or three hours, if intermediate characterization shows saturated behavior.
Apart from parameters concerning illumination, the bias condition during light soaking
also has an effect on the saturated metastable state, as was shown in section 5.2.3. For
accurate power rating, it can therefore be recommended to apply a load and conduct
light soaking at the maximum power point of the device. This is also suggested in the
NREL procedure.

6.6 Further research questions

The complex nature of metastabilities across chalcogenide devices and the still ongo-
ing discussion about underlying theoretical models behind several involved effects still
leaves many questions unanswered. In the course of this work, many problems became
apparent, which could not be addressed by further experimental work.

At the cell level, a higher time resolution at the beginning of light soaking may give

away more details about the dependency of metastabilities on irradiance levels. Many
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of the observations in this work show quick effects occurring within the first minute
of illumination. Some of these effects may eventually be overpowered by developments
with a longer time constant. This has not been described in literature yet.

Putting observations in dark relaxation periods in better context with the respective
metastabilities occurring during light soaking phases is necessary for better understand-
ing. In many cases, dark relaxation completely reverses the metastable effect in either
direction. In others, however, the original state can not be re-established through dark
relaxation. Certain relaxation dynamics also deserve a closer examination, for example,
a drop of the V. in the first few minutes of dark relaxation, which could especially but
not exclusively be observed in CIGS cells with a ZnSnO buffer layer in section 4.2.1.
Further research is also necessary for establishing a correlation between the reflectance
and the electrical characteristics of cells. This could help interpreting changing re-
flectance behavior upon light soaking in context of cell performance. Only relying on
reflectance measurements has the advantage of not altering a cell’s metastable behavior
with a JV measurement sweep.

Overall, many experiments with CIGS cells should be repeated with CdTe cells to learn
about the parallels and differences within chalcogenide solar cell metastabilities. Espe-
cially changes in the buffer layer material and properties as well as investigations with

different wavelengths for illumination could be very insightful.

At the module level, the correlation between temperature coefficients and metastabilities
needs to be better understood. Some experiments of this study needed to be stopped
because of alterations in electrical parameters, which could not be accounted for by
regular temperature corrections. This points to metastable behavior being influenced
by the temperature of a device. In reality, this can pose a practical hurdle, when light
soaking is considered a pre-treatment for device characterization.

Essentially, device characteristics need to deliver reasonable parameters for designing
solar systems and estimating energy yields. Therefore, metastabilities close to real op-

erating conditions need to be investigated further.
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106 Appendix A. Experiment Documentation

Date Material Buffer Sample ID buffer thiclSetup LS/DS white/red/blOC/MPP/SC Voc /-\ FF/-\
13.09.12 CIGS Ccds 9111-6313A1-01 IVT LS w oC \ N
13.09.12 CIGS Cds 9111-6313A1-01 IVT DS w oC N\ \/
17.09.12 CIGS ZnSnO 9098-1363A1-01 IVT LS w (o]s \ JA
17.09.12 CIGS ZnSnO 9098-1363A1-01 IVT DS w oC 7 -
08.10.12 CIGS Cds 9111-6313A1-01 IVT LS b ocC \ /
08.10.12 CIGS Ccds 9111-6313A1-01 IVT DS b oC - -
14.09.12 CIGS ZnSnO 9098-1363B2-29 IVT LS w ocC \ \
14.09.12 CIGS ZnSnO 9098-1363B2-29 IVT DS w ocC / -
19.09.12 CIGS ZnSnO 9098-1363A2-25 IVT LS w MPP N N
19.09.12 CIGS ZnSnO 9098-1363A2-25 IVT DS w MPP / \
20.09.12 CIGS ZnSnO 9098-1363B1-07 IVT LS w SC Y /
20.09.12 CIGS ZnSnO 9098-1363B1-07 IVT DS w Ne / \
18.09.12 CIGS Cds 9111-6313B2-32 IVT LS w MPP / /
18.09.12 CIGS Cds 9111-6313B2-32 IVT DS w MPP - \
20.09.12 CIGS Cds 9111-6363B2-32 IVT LS w N \ \
20.09.12 CIGS Cds 9111-6363B2-32 IVT DS w SC / -
13.09.12 CIGS Ccds 9111-6313A2-25 IVT LS w oC X /
13.09.12 CIGS Cds 9111-6313A2-25 IVT DS w ocC - \
09.10.12 CIGS ZnSnO 7850b2-14 30 nm IVT LS b oC / /
09.10.12 CIGS ZnSnO 7850b2-14 30 nm IVT DS b ocC - -
10.10.12 CIGS ZnSnO 7846b2-05 76 nm IVT LS b ocC \ \
10.10.12 CIGS ZnSnO 7846b2-05 76 nm IVT DS b o] o /
10.10.12 CIGS ZnSnO 7848b2-15 342nm IVT LS b ocC \/ N
10.10.12 CIGS ZnSnO 7848b2-15 342 nm IVT DS b (o]s if N
02.10.12 CIGS ZnSnO 7850b2-14 30 nm IVT LS w ocC \ N
02.10.12 CIGS ZnSnO 7850b2-14 30 nm IVT DS w ocC \V \V
06.10.12 CIGS ZnSnO 7846b2-05 76 nm IVT LS w ocC \ N
06.10.12 CIGS ZnSnO 7846b2-05 76 nm IVT DS w ocC \/ \/
07.10.12 CIGS ZnSnO 7844b2-14 165nm  IVT LS w ocC \ N
07.10.12 CIGS ZnSnO 7844b2-14 165nm IVT DS w oC \/ N
05.10.12 CIGS ZnSnO 7848b2-15 342nm IVT LS w ocC \ N
05.10.12 CIGS ZnSnO 7848b2-15 342 nm IVT DS w (o]s \ \/
20.07.12 CIGS ZnSnO 9098-1363 IV_meas LS w ocC \/ ®
09.10.12 CIGS ZnSnO 9098-1363A2-25 IVT LS b ocC \/ /
09.10.12 CIGS ZnSnO 9098-1363A2-25 IVT DS b oC \/ JA
21.09.12 CIGS Cds 9111-6363A2-25 IVT DS - MPP N \
21.09.12 CIGS ZnSnO 9098-1363A2-25 IVT DS - MPP \/ N
30.04.13 CIGS Cds 9267 A-01 IVT LS b oC
30.04.13 CIGS Cds 9267 A-01 IVT DS b ocC
02.05.13 CIGS Zn(0,S) 9485 A-01 IVT LS b oC
02.05.13 CIGS Zn(0,S) 9485 A-01 IVT DS b oC
02.05.13 CIGS Cds 9267 B-25 IVT LS r ocC
02.05.13 CIGS cds 9267 B-25 IVT DS r oC
03.05.13 CIGS Zn(0,S) 9485 B-25 IVT LS r ocC
03.05.13 CIGS Zn(0,S) 9485 B-25 IVT DS r ocC
03.05.13 CIGS ZnSnO 7850b2-14 30 nm IVT LS r oC
03.05.13 CIGS ZnSnO 7850b2-14 30 nm IVT DS r ocC
04.05.13 CIGS ZnSnO 7846b2-05 76 nm IVT LS r oC
04.05.13 CIGS ZnSnO 7846b2-05 76 nm IVT DS r oC
04.05.13 CIGS ZnSnO 7844b2-15 165nm IVT LS r ocC
04.05.13 CIGS ZnSnO 7844b2-15 165nm IVT DS r oC
05.05.13 CIGS ZnSnO 7848b2-15 342nm IVT LS r ocC
05.05.13 CIGS ZnSnO 7848b2-15 342 nm IVT DS r oC
05.05.13 CIGS ZnSnO 9098-1363B2-25 IVT LS r ocC
05.05.13 CIGS ZnSnO 9098-1363B2-25 IVT DS r ocC
06.05.13 CIGS Ccds 9267 D-30 IVT LS b MPP
06.05.13 CIGS Zn(0,S) 9485 D-22 IVT LS w ocC
06.05.13 CIGS Zn(0,S) 9485 D-22 IVT DS w (o]s
07.05.13 CIGS Zn(0,S) 9485 C-07 IVT LS w ocC
07.05.13 CIGS Zn(0,S) 9485 C-07 IVT DS w ocC
07.05.13 CIGS ZnSnO 9098-1363B2-25 IVT LS b oC
07.05.13 CIGS ZnSnO 9098-1363B2-25 IVT DS b oC
08.05.13 CIGS ZnSnO 7846b2-05 76 nm IVT LS b ocC
08.05.13 CIGS ZnSnO 7846b2-05 76 nm IVT DS b oC
08.05.13 CIGS ZnSnO 9704d-23 150deg  IVT LS b oC
08.05.13 CIGS ZnSnO 9692c-23 120deg IVT LS b ocC
08.05.13 CIGS ZnSnO 9692c-23 120deg IVT DS b oC
09.05.13 CIGS ZnSnO 9705¢-07 90deg IVT LS b ocC
09.05.13 CIGS ZnSnO 9704d-23 150deg IVT LS r oC
09.05.13 CIGS ZnSnO 9692c-23 120deg IVT LS r ocC
09.05.13 CIGS ZnSnO 9692c-23 120deg IVT DS r ocC
10.05.13 CIGS ZnSnO 9705¢-07 90deg IVT LS r ocC
10.05.13 CIGS ZnSnO 9705c-07 90deg IVT DS r ocC

FIGURE A.1: CIGS cell experiment overview
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Zelltype Diinnschicht
Technologie CdTe
Hersteller First Solar
Modultype FS-272
Seriennummer 100402030307
Messbeginn 2010
Datum Durchgefiihrte Untersuchung Berger Pasan |LS DS IOC SC MPP I
19.11.2010 Eingangsmessung Kennlinie Flasher X
22.11.2010 Eingangsmessung Elektrolumineszenz
01.12.2010 Spannungsdnderung bei eingepragtem Kurzschlussstrom
06.12.2010 Light-Soaking X X X
15.03.2011-29.03.2011 Alterung statischer Sonnensimulator X X
21.06.2011 Light-Soaking X X X
04.07.2011 LS statischer Sonnensimulator 1000 W X X X
18.07.2011 Temperatureinfluss Heizdecke X
26.07.2011 Gleichgewichtstemperaturen im SunSim X
05.08.2011 Light Soaking SunSim 400 W X X X
08.08.2011 Light Soaking SunSim 200 W X X X
07.11.2011 LS statischer Sonnensimulator 1000 W, DS Flasher X X X
X X
02.03.2012 LS statischer Sonnensimulator 1000 W, DS Flasher b4 X X
X X
Zelltype Dinnschicht
Technologie CdTe
Hersteller First Solar
Modultype FS-272
Seriennummer 100402030511
Messbeginn 2010
Datum |Durchgefiihrte Untersuchung |Berger Pasan |LS DS |OC SC MPP
19.11.2010 Eingangsmessung Kennlinie Flasher X
22.11.2010 Eingangsmessung Elektrolumineszenz
01.12.2010 Spannungsanderung bei eingepragtem Kurzschlussstrom
09.12.2010 Light-Soaking/Dark-Soaking X x X
X X
08.03.2011 Light-Sokaing Kurzschluss X x X
11.03.2011 Light-Sokaing Leerlauf/Dark-Soaking Kurzschluss X x X
X X
07.04.2011 Light-Soaking MPP/Dark-Soaking MPP X x X
X X
09.05.2011-23.05.2011 Alterung statischer Sonnensimulator X X
28.07.2011 Light Soaking SunSim 620 W X X X
01.08.2011 Light Soaking SunSim 1000 W X X X
04.08.2011 Light Soaking SunSim 400 W X X X
23.09.2011 Light Soaking SunSim 360W, abgedunkelte Riickseite X X X
07.10.2011 Light Soaking SunSim 100W X x X
Dark Soaking Flasher X X X
Zelltype Diinnschicht
Technologie CdTe
Hersteller First Solar
Modultype FS-272
Seriennummer 100402030130
Messbeginn 2010
Datum |Durchgefiihrte Untersuchung |Berger Pasan |L1s Ds Joc sc mep|
19.11.2010 Eingangsmessung Kennlinie Flasher X
22.11.2010 Eingangsmessung Elektrolumineszenz
01.12.2010 Spannungsdnderung bei eingepragtem Kurzschlussstrom
27.03.2011 Light-Soaking OC/Dark-Soaking OC X X X
b X
13.04.2011-26.04.2011 Alterung statischer Sonnensimulator X X

F1GURE A.2: CdTe module experiment overview
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Zelltype Diinnschicht
Technologie CIGS
Hersteller Wiirth Solar
Modultype GeneCIS
Seriennummer 01-100830-00472-001
Messbeginn 2010
Datum |purchgefiihrte Untersuchung |Berger Pasan J1S DS Joc sc mpP|
19.11.2010 ﬁngangsmessung Kennlinie Flasher X
22.11.2010 Eingangsmessung Elektrolumineszenz
02.12.2010 Spannungsanderung bei eingepragtem Kurzschlussstrom
15.12.2010 Light-Soaking/Dark-Soaking X X X

X X
24,01.2011 Light-Soaking OC/Dark-Soaking SC X X X

X X
13.04.2011-26.04.2011 Alterung statischer Sonnensimulator b3 b3
Zelltype Diinnschicht
Technologie CIGS
Hersteller Wiirth Solar
Modultype GeneCIS
Seriennummer 01-100830-00514-001
Messbeginn 2010
Datum |purchgefiihrte Untersuchung |Berger Pasan JlS DS [oc Sc MPP|
19.11.2010 ﬁngangsmessung Kennlinie Flasher X
22.11.2010 Eingangsmessung Elektrolumineszenz
17.12.2010 Doppelte LS/DS Sequenz mit anschlieBendem LS im Kurzsx X X

X X

X X

5/3/2010 LS SC/DS SC X X X

X X
09.05.2011-23.05.2011 Alterung statischer Sonnensimulator X X
Zelltype Diinnschicht
Technologie CIGS
Hersteller Wiirth Solar
Modultype GeneClIS
Seriennummer 01-100830-00501-001
Messbeginn 2010
Datum |Durchgefiihrte Untersuchung |Berger Pasan |Ls DS Joc sc mpp|
19.11.2010 Eingangsmessung Kennlinie Flasher X
22.11.2010 Eingangsmessung Elektrolumineszenz
15.03.2011-29.03.2011 Alterung statischer Sonnensimulator X X

FiGURE A.3: CIGS module experiment overview
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Zelltype Diinnschicht
Technologie a-Si/a-Si
Hersteller Schott
Modultype ASI197
Seriennummer 15011035022413
Messbeginn 2010
Datum |Durchgefiihrte Untersuchung |Berger Pasan |is DS Joc sc mep|
11/15/2010 Eingangsmessung Kennlinie Flasher X
22.11.2010 Eingangsmessung Elektrolumineszenz
15.03.2011-29.03.2011 Alterung statischer Sonnensimulator X X
5/5/2011 LS MPP/ DS MPP b X X
X X
Zelltype Duinnschicht
Technologie a-Si/a-Si
Hersteller Schott
Modultype ASI97
Seriennummer 15011035022417
Messbeginn 2010
Datum |Durchgefiihrte Untersuchung |Berger Pasan |lS DS [oCc sc mpP|
11/15/2010 Eingangsmessung Kennlinie Flasher X
22.11.2010 Eingangsmessung Elektrolumineszenz
02.12.2010 Spannungsdnderung bei eingepragtem Kurzschlussstrom
12/10/2010 Light-Soaking OC X X X
12/13/2010 Light-Soaking OC X X X
12/21/2010 LS OC /DS OC X X X
X X
09.05.2011-23.05.2011 Alterung statischer Sonnensimulator X X
Zelltype Diinnschicht
Technologie a-Si/a-Si
Hersteller Schott
Modultype ASI97
Seriennummer 15011035022414
Messbeginn 2010
Datum |Durchgefiihrte Untersuchung |Berger Pasan |LS DS [oc sC mpP|
11/15/2010 Eingangsmessung Kennlinie Flasher X
22,11.2010 Eingangsmessung Elektrolumineszenz
13.04.2011-26.04.2011 Alterung statischer Sonnensimulator X X
5/4/2011 Light-Soaking/Dark-Soaking im Kurzschluss X X
X

FIGURE A.4: a-Si module experiment overview


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thelo

L]
10
ledge

now!

L]
i
rk

110 Appendix A. FEzxperiment Documentation
Zelltype Diinnschicht
Technologie CIGS
Hersteller Flisom
Modultype Testmodul
Seriennummer A11-01355-350
Messbeginn 2011
Datum |Durchgefiihrte Untersuchung |Berger Pasan |L1s DS Joc sc mpp|
31.10.2011 Eingangsmessung Flasher X
30.11.2011 LS, DS Flasherlade 50 W/m? X X X
X X
Zelltype Diinnschicht
Technologie CIGS
Hersteller Flisom
Modultype Testmodul
Seriennummer A61-04682-100
Messbeginn 2011
Datum |Durchgefiihrte Untersuchung |Berger Pasan LIS DS Joc sc  mpP|
18.10.2011 Eingangsmessung Zellsonnensim X
31.10.2011 Eingangsmessung Flasher 54
Zelltype Diinnschicht
Technologie CIGS
Hersteller Flisom
Modultype Testmodul
Seriennummer A61-05406-100
Messbeginn 2011
Datum |Durchgefiihrte Untersuchung |Berger Pasan IS DS Joc sc  MPP|
31.10.2011 Eingangsmessung Flasher X
16.11.2011 Light-Soaking stat. Zellsonne 1000W X X X
X X
-30.01.2012 Humidity Freeze Cycle
30.01.2012 Leistungsbestimmung Flasher 1000W X
30.01.2012 LS Flasherlade X b X
Zelltype Diinnschicht
Technologie CIGS
Hersteller Flisom
Modultype Testmodul
Seriennummer A61-05406-180
Messbeginn 2011
Datum |Durchgefiihrte Untersuchung |Berger Pasan Jls DS Joc sc mpP|
31.10.2011 Eingangsmessung Flasher X
18.11.2011 Light-Soaking stat. Zellsonne 150W X X X
X X
Zelltype Diinnschicht
Technologie CIGS
Hersteller Flisom
Modultype Testmodul
Seriennummer A61-05493-370
Messbeginn 2011
Datum |Durchgefiihrte Untersuchung |Berger Pasan Jls DS |oc sc mpP|
31.10.2011 Eingangsmessung Flasher X
-30.01.2012 Humidity Freeze Cycle
30.01.2012 Leistungsbestimmung Flasher 1000W X
30.01.2012 LS Flasherlade X X X

F1GURE A.5: CIGS test module experiment overview
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Introduction

Transient, light-induced changes in the performance of CIGS photovoltaic modules
present a challenge to precise and repeatable measurement of performance. The current
procedure for stabilizing thin-film module performance, as specified in IEC 61646, was not
developed specifically for CIGS modules. In contrast, this proposed stabilization and test
protocol is designed to stabilize the CIGS material system prior to measurement. This procedure
will be used in a round robin test with the goal of reducing lab-to-lab variation in the
measurement of CIGS module performance.

In general, the performance of a PV module changes over a continuum of time scales
during its service life. The scope of this procedure is to eliminate variations from transients
occurring in a day or less, while yielding standard test condition (STC) performance
representative of a module operating outdoors (as opposed to one stored in the dark). We have
observed significant transient behavior in CIGS modules occurring on the time-scale of minutes
to hours, both upon exposure to light, and upon being kept in the dark after light exposure. While
the procedure described in IEC 61646 provides no guidance on the time between light-exposure
and measurement, the procedure described here requires that the reported measurement be taken
within 5 minutes of the module cooling to the measurement temperature after light exposure.
This is intended to minimize errors associated with changes in module performance as it reverts
to its dark state. In addition, it is known that forward bias can induce the same changes in
performance as light exposure. Based on our observations that the light state can be preserved by
forward bias, this procedure dictates that forward bias be applied to the module while it cools to
the measurement temperature to further reduce errors associated with modules reverting to their
dark state. Here we choose 300 W m™ as a minimum irradiance during light exposure to ensure
that any transients are being induced; this is based on our observations that transients can be
induced with irradiance as low as 150 W m™.

This proposed procedure calls for two measurements of performance. One immediately after
the conclusion of the light-soak, regardless of module temperature, and one once the module has
cooled to STC temperature. The first curve will serve as diagnostic data in the analysis of the
round-robin results to determine if, and to what extent, transients may have affected the test
results. The second measurement will be the reportable performance from a given test lab.

15013 Denver West Parkway NREL is a national laboratory of the U.S. Department of Energy
Golden, CO 80401 Office of Energy Efficiency & Renewable Energy
Phone 303-275-3000 Operated by the Alliance for Sustainable Energy, LLC

F1GURE A.6: NREL proposed CIGS measurement procedure, page 1
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112 Appendix A. Experiment Documentation

Procedure

1. Collect dark IV curve

*  Module temperature: 24.5-25.5°C (monitored at single point on center of back of
module)

* Voltage range: 0 — expected V. at standard test conditions (STC), AM1.5G and
25°C, unless another voltage limit is specified by manufacturer. Maximum
forward bias must be at least to expected V.

* The power supply used in this measurement should have a current limit set to
expected I to protect the module.

* Measure, record, and report:

i. Full IV curve
ii.  Ia(Voc) as derived from the dark IV curve. 14(V,.) is defined here as the
forward-bias current passed through the module in the dark when biased to
the expected STC V.
2. Expose module to light

* Expose to light for 5 continuous hours

e If the equipment is available to do the indoor procedure (2.1), then procedure 2.1
must be used. If indoor capability is not available, 2.2 may be used.

2.1: Indoors

*  Expose to class CCC or better illumination at 1000 W m .

* Maintain the module at 40-60°C.

* Maintain the module at maximum power, a constant load may be used.
2.2: Outdoors

*  Expose to natural sunlight between 300-1300 W m™2.

*  Module temperature must remain between 25-85°C.

* Use active tracking to maintain the module at maximum power operation.

* Excursions of irradiance or temperature outside the limits require restarting this
step.

* Measure, record, and report:

i. Start and end time and date
ii. Whether 2.1 or 2.2 is used
iii. Irradiance (sampled at least once every 5 minutes)
iv. Module temperature (sampled at least once every 5 minutes, monitored at
single point on center of back of module)
3. Record first light IV curve

* Must be done as soon as possible after the conclusion of the light soak, regardless
of module temperature. If the time between light exposure and measurement
exceeds 1 minute for any module, the module must be biased at a constant current
of 14(Voc) until the measurement is made. Time between Steps 2 and 3 must not
exceed 15 minutes.

* A shuttered continuous or pulsed solar simulator should be used.

e Illumination with class AAA illumination according to IEC 60904-9.

* Measure, record, and report:

i. Full IV curve

15013 Denver West Parkway NREL is a national laboratory of the U.S. Department of Energy
Golden, CO 80401 Office of Energy Efficiency & Renewable Energy
Phone 303-275-3000 Operated by the Alliance for Sustainable Energy, LLC

F1cUure A.7: NREL proposed CIGS measurement procedure, page 2
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ii. Module temperature (3 or 4 point measurement according to IEC 61853-1
or IEC 61853-2)
iii. Date and time of curve
iv. Whether the module was biased between light exposure and measurement
4. Bias module while it cools
* Bias the module at a constant current of I4(V,) while it cools. Fans can be used to
increase the cooling rate.
* Begin the bias within 1 minute of the conclusion of the measurement from Step 3.
*  Monitor the module temperature (3 or 4 point measurement according to IEC
61853-1 or IEC 61853-2)
*  Within 5 minutes of all temperature measurement points reaching the range 24.5—
25.5°C, carry out Step 5 (record o light IV curve).
* Measure:
i. Module temperature (3 or 4 point measurement according to IEC 61853-1
or IEC 61853-2)
5. Record 2™ light IV curve
* Take IV curve when module is in the temperature range 24.5-25.5°C.
* A shuttered continuous or pulsed solar simulator should be used.
e Illumination with class AAA illumination according to IEC 60904-9.
* Measure, record, and report:
i. Full IV curve
ii. Module temperature (3 or 4 point measurement according to IEC 61853-1
or IEC 61853-2)
iii. Date and time of curve
Notes:

e All times must be recorded with one-second resolution from synchronized clocks.

* This plan describes the test of a single module. Multiple modules may be simultaneously
tested, however, the measurements and records must be kept for individual modules. All
time limits apply to individual modules.

* Set the light level for the light IV curves using the spectral correction factor calculated
from the furnished module QE.

*  Whenever bias is applied before an IV curve, the module must not be removed from the
bias source for more than 1 minute prior to the measurement.

¢ If the module must be biased while being moved around the test facility to meet the
requirements of this procedure, a mobile cart equipped with a power supply running from
a UPS may provide a suitable solution. Depending on facility layout, a power supply with
long leads to the module may also be helpful.

*  When bias is used, set a voltage limit on the power supply of the expected module V.

* Some power supplies may be damaged if connected to the module under illumination.

15013 Denver West Parkway NREL is a national laboratory of the U.S. Department of Energy
Golden, CO 80401 Office of Energy Efficiency & Renewable Energy
Phone 303-275-3000 Operated by the Alliance for Sustainable Energy, LLC
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F1GURE A.8: NREL proposed CIGS measurement procedure, page 3
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First Solar PV-Module der Serie FS 2

\\-ﬁ Dinnschichtmodule fiir leistungsstarke PV-Projekte
First Solar.

Die PV-Module der Serie FS 2 von First Solar stellen den neuesten Stand der Diinnschicht-
Technologie dar. Die Module der Serie FS 2 sind fir eine Systemspannung von 1000 VDC nach
IEC 61464 und IEC 61730 zertifiziert. Damit entsprechen sie den Vorgaben der Schutzklasse II.
First Solar versorgt damit weiterhin flihrende Projektentwickler mit kosteneffizienten
Dinnschichtmodul-Lésungen fir groRe, netzgekoppelte Photovoltaikkraftwerke. Die
Anwendungsingenieure von First Solar bieten technische Unterstitzung und liefern eine
umfassende Produktdokumentation, um die Entwicklung, die Installation und den langfristigen
Betrieb von Hochleistungs-Photovoltaikkraftwerken zu unterstitzen.

GARANTIE

— Gewahrleistung fur Material- und
Verarbeitungsfehler sind funf (5)
Jahre, Leistungsgarantie Gber 90% der
Nennleistung (P,,p+/- 5%) gelten fir
die ersten zehn (10) Jahre und 80% fur
funfundzwanzig (25) Jahre entsprechend
der Garantiebedingungen.
First Solar (Europe)
Tel: +49 (0)6131 1443-0
info@firstsolar.de

Alle Module unterliegen einem
Lebenszyklus-Management mit einem
integrierten — fur den Kaufer kostenlosen
First Solar (US) — Ricknahme- und Recyclingprogramm.
Tel: +1 (602)414-9300
info@firstsolar.com

Alle Angaben und Garantien gelten fir Produkte, die in
Europa verkauft und installiert werden. Fir Anwendungen
in den USA bitte Bezug nehmen auf das US Datenblatt
(PD-5-401-02 NA)

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bi

www.firstsolar.com

Das First Solar Logo, First Solar™ undalle mit ® gekennzeichneten Produkte sind gesetzlich geschiitzte Marken. Die mit ™ markierten Produkte sind Marken von First Solar Inc.

PD-5-401-02 DE JAN 2009

FicUrRE B.1: Data sheet: First Solar CdTe modules, page 1
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ELEKTRISCHE SPEZIFIKATIONEN

TYPEN UND NENNDATEN BEI STANDARDTESTBEDINGUNGEN **

Nennleistung (+/-5%) Purp(W) 70 72.5 75 715
Spannung bei Pyax Viee(V) 65.5 66.6 68.2 69.9
Elektrischer Strom bei Pyax Iypp(A) 1.07 1.09 1.10 1.11
Leerlaufspannung Voe(V) 88.0 88.7 89.6 90.5
Kurzschlussstrom Isc(A) 1.23 1.23 1.23 1.22
Maximale Systemspannung Vsys(V) 1000
Temperaturkoeffizient von Pypp Tk(Pueep) -0.25%/°C

Temperaturkoeffizient von Vo,

fiir hohe Temp. (>25°C) Ti(Voc, none Temp.) -0.25%/°C
Temperaturkoeffizient von Vo, fiir o /o
niedrige Temp.(-40°C bis + 25°C) Ti(Voc, niedrige Temp.) -0.20%/°C
Temperaturkoeffizient von Isc Tk(lsc) +0.04%/°C
Riickstrombelastbarkeit? IR(A) 2

Strangsicherung max. Ier(A) 10 (2 IEC61730%)

TYPEN UND NENNDATEN BEI 800W/m?2, 45°C, AM 1.5*

Nennleistung (+/-5%) Pupp(W) 52.6 54.4 56.3 58.1
Spannung bei Pyax Vure(V) 61.4 62.5 63.9 65.4
Elektrischer Strom bei Pyax Iupp(A) 0.86 0.87 0.88 0.89
Leerlaufspannung Voe(V) 81.8 82.5 83.3 84.2
Kurzschlussstrom Isc(A) 1.01 1.01 1.01 1.00

MECHANISCHE BESCHREIBUNG

e~ [ioonm — Joole — [osm |
[oe—— Tooomn ————[rme —— Josow |

Stecker Typ Solarline 1 Stecker
Bypassdiode entfallt
Zellentyp CdS/CdTe Halbleiter, 116 aktive Solarzellen

Rahmenmaterial  entfallt

Abdeckung 3,2mm thermisch b Glas auf der Vordi
auf 3,2mm gehartetes Glas

, riickseitig laminiert

Einbettung Laminati ial mit

Leistungsstarke Losungen fur PV-Systeme

Technische Merkmale:

Schwachlichtverhalten, hervorragender Temperaturkoeffizient.

Nachweisliche Lieferung des vorausberechneten Energieertrags mit hohem
Systemwirkungsgrad (PR).

— Fertigung in modernen, hochautomatisierten, nach 1IS09001:2000 (Qualitat) und
1SO14001:2004 (Umweltmanagement) zertifizierten Anlagen.

e Schutzklasse Il @1000V e Zertifiziert nach IEC 61646

e CE-Kennzeichnung o Zertifiziert nach IEC 61730

Copyright 2009, First Solar, Inc.

Hohe Energieertrage unter verschiedensten klimatischen Bedingungen, ausgezeichnetes

TECHNISCHE ZEICHNUNG

- 254mm >

Typenschild
Typenschild

\

610mm
Kabel

1200 +5/-0.79mm

15mm —»‘

\ Halteklammer,
kundenseitig

Typ. 4 Stellen

80mm —>‘ ‘f‘

275 +/-25mm

> ‘

<€——— 600+5/-0.79mm ——»

Wirkungsgrad bei 200W/m?: Bei den Modulen der Serie

FS 2 steigert sich der Wirkungsgrad bei 200W/m? um 2%

im Vergleich zu dem bei 1000W/m? ermittelten Wert. Siehe
Anwendungsrichtlinie PD-5-420 von First Solar fur eine
detaillierte Analyse der Leistung bei geringer Lichtintensitat.

* Alle Werte +/-10%, falls nicht anders ausgewiesen. Anderungen
vorbehalten.

! standardtestbedingungen: 1000W/m?, AM 1,5, 259C

2 Das in EN50380, Abschnitt 3.6.2. spezifizierte Verfahren
wurde fir kristalline Siliziummodule entworfen. Aufgrund der
Zellkonfiguration von Diinnschichtmodulen sind extrem hohe
Spannungen und Stréme notwendig um Riickstréme im Modul
2u erzeugen. Die dadurch entstehenden Modultemperaturen
liegen deutlich iiber den normalen Betriebstemperaturen
sowie iber den fir den Test vorgesehenen Temperaturen.
Deshalb liegt der IR-Wert des Moduls unterhalb des fir den
sicheren Betrieb des Moduls vorgeschriebenen Wertes der
Strangsicherung.

3 Voraussetzung fiir die Einhaltung der IEC 61730 Zertifizierung.

A
First Solar.

Rahmenlose Solarmodule sind robust, kostengiinstig und recycelbar. Sie benétigen keine Erdung.

Von international flihrenden Instituten getestet und fiir Zuverlassigkeit und Sicherheit zertifiziert:

www.firstsolar.com

First Solar PV-Module der Serie
FS 2; PD-5-401-02 DE JAN 2009

FicURrRE B.2: Data sheet: First Solar CdTe modules, page 2
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Energie, die ankommt.

GeneCIS-Solarmodul 70W

WSG0036E070

WURTHSOLAR

09.06.2008 DE@by Wiirth Solar/DB:Production

MERKMALE

Schwachlichtverhalten

Leistungszusage auf 20 Jahre

TECHNISCHE DATEN

Elektrische Daten bei STC

Made in Germany (Wirth Solar)

GeneCIS-Solarmodul fiir serielle Verschaltung
Optimale Energieertrage durch hervorragendes Temperatur- und

Bestechende Asthetik durch homogen schwarze Oberflache
Hoher Schutz vor Umwelteinflissen durch Glas-Glas-Aufbau
Schwarz eloxierter Aluminiumrahmen

Nennleistung nach STC 70W
MPP-Spannung (Umpp) 33V
MPP-Strom (Impp) 2,12A
Leerlaufspannung (Uoc) 423V
KurzschluBstrom (Isc) 24A
Elektrische Daten bei NOCT

NOCT 47 (+-3)

Systemdaten

Max Systemspannung
Leistungstoleranz (Pmax)
Rickstromfestigkeit
SysUoc, Leerlaufspannung
(Uoc) bei -10°C
MPP-Spannung (Umpp) bei
+70°C

Temperatur-Koeffizient (Pmpp)
Temperatur-Koeffizient (Uoc)
Temperatur-Koeffizient (Isc)
Zellmaterial

Zelltechnologie

Mechanischer Aufbau

Frontabdeckung

Rahmung

Rahmenhéhe

Max. Verwindung

Max. Flachendruck
DC-Anschluss

Zulassige Modultemperatur
Gewicht

Abmessungen (B x Hx T)

1.000 V
-2/+5%
3 xlsc
46,6 V

278V

-0,36 %/ °C

-0,29 %/ °C

0,05%/°C

CIs

CIs

Glas-Glas-Modul mit schwarz
eloxiertem Aluminiumrahmen
Weil3glas

Aluminiumrahmen mit Innennut
35 mm

12°

2.400 N/m2
MC4-Steckverbindung

-40 ... +85°C

12,71 kg

605 x 1.205 x 35 mm

Daten bei lingungen (STC): I=1000W/m2, AM 1,5, Tu=25°C

Zellen Betriebstemperatur (NOCT): I=800W/m?, Tu=20°C, Vw=1m/s

Wiirth Solar GmbH & Co. KG

Alfred-Leikam-Strale 25 - D-74523 Schwabisch Hall
Tel. +49 (0) 791 946 00-0 - Fax +49 (0) 791 946 00-119
wuerth-solar@we-online.de - www.wuerth-solar.de

FIGURE B.3: Data sheet: Wiirth Solar GeneCIS CIGS modules
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SCHOTT ASI™ Diinnschicht-
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Solarmodul

Das deutsche Traditionsunternehmen SCHOTT Solar agiert weltweit mit mehr als 50 Jahren Erfahrung in der Entwicklung

und im Bau von Komponenten fiir die Solarindustrie.

Die ASI® Diinnschicht-Technologie ist das Ergebnis langjahriger Erfahrung und hochmoderner Fertigungsstandards.
Diinnschichtsolarmodule mit ASI® Zelltechnologie garantieren dauerhaft hohe Leistung und tiberdurchschnittliche

Energieertrage uber Jahre.

Hoher Ertrag: Die Gewahrung besonders hoher Ertréage bei diffusem Licht,
schlecht hinterlifteten und warmen Standorten, teilverschatteter und
weniger gut ausgerichteter Dacher zeichnen das ASI® Diinnschichtmodul
von SCHOTT Solar aus.

Einfache und kostengiinstige Verschaltung: Bypass-Dioden sind in den
elektrischen Anschlussdosen integriert. Die 17-Volt-Modulspannung des
Niederspannungsmoduls und die auf max. 1000 Volt ausgelegte
Systemspannung stellen die schnelle, einfache und kostengtinstige
Verschaltung der Module sicher.

Doppelte Qualitatsstandards: Der SCHOTT Solar interne Qualitatsstandard
entspricht der doppelten von der IEC-Norm geforderten Priifdauer.

Hochste Leistungstreue: Die ausgelieferten SCHOTT Solar Module verfligen
ausschlieflich tber eine Plustoleranz in der Nennleistung. Dies gewahrleistet
dauerhaft hohe Energieertrage.

Langjéahrige Verlasslichkeit ,Made in Germany”: Betreiber einer Anlage von
SCHOTT Solar erhalten eine langfristige Leistungsgarantie von 25 Jahren und
eine Gewabhrleistung von fiinf Jahren.

Langzeitstabile Verkapselung: Das ASI® Diinnschichtmodul mit der
bewahrten ASI® Verkapselung verfligt (iber eine herausragende UV-,
Temperatur- und Witterungsbestandigkeit unter extremen Bedingungen.

50 1108 Alle Malte
PR S— et

327

43‘6 Potentialausgleich

—En
|

1308”

Kabellange: 1,2 m

Hoher Ertrag

Einfache und kostengiinstige
Verschaltung

Doppelte Qualitatsstandards
Hochste Leistungstreue
Langjahrige Verlasslichkeit
,Made in Germany”
Langzeitstabile Verkapselung

SCHOTT ASI™ 95/97/100/103

SCHOTT
solar

F1GURE B.4: Data sheet: Schott a-Si modules, page 1


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfligbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

m 3ibliothek,
Your knowledge hu

120 Appendix B. Module Data Sheets

Technische Daten

Elektrische Moduldaten
Die elektrischen Daten gelten bei Standard-Test-Bedingungen (STC):
Einstrahlung in Modulebene 1000 W/m? mit Spektrum AM 1,5 bei einer Zelltemperatur von 25°C

Produktname SCHOTT ASI™ 95 SCHOTT ASI™ 97 SCHOTT ASI™ 100 SCHOTT ASI™ 103
stabiler Wert  Anfangswert  stabiler Wert  Anfangswert  stabiler Wert  Anfangswert stabiler Wert  Anfangswert
Nennleistung [Wp] Pmpp =95 116 =97 118 =100 122 =103 126
Nennspannung [V] Umpp 17,4 19,3 17,4 19,3 17,5 19,4 17,6 19,5
Nennstrom [A] Impp 5,47 6,00 5,57 6,10 5,71 6,30 5,86 6,40
Leerlaufspannung [V] Uoc 23,6 24,6 23,7 24,7 23,8 24,8 239 24,9
Kurzschluss-Strom [A] Isc 6,69 6,90 6,72 6,90 6,79 7,00 6,91 7,10
Modulwirkungsgrad (%) mn 6,6 6,7 6,9 71

Sortierung der M nach Fl (-0 %, reine Plustoleranz)
Die Messtoleranz der Nennleistung betrdgt + 5 %, die der iibrigen Einzelwerte + 10 %.

Zellen-Nennbetriebstemperatur (NOCT)

© August 2009 SCHOTT Solar AG Gedruckt in Deutschland Prod-Data-L02-0024

Typische Daten unter Einstrahlung in Modulebene 800 W/m? mit Spektrum AM 1,5, Wind, hwindigkeit 1 m/s, L b atur 20°C
Nennleistung [Wp] Prmpp 75 77 79 82
m Nennspannung [V] Umpp 17,2 17,2 17,3 17,4
Leerlaufspannung [V] Uoc 23,3 23,4 23,5 23,6
Kurzschluss-Strom [A] Isc 5,35 5,37 5,43 5,48
Temperatur [°C] TNocT 49 49 49 49

Die Messtoleranz der Nennleistung betrigt + 5 %, die der iibrigen Einzelwerte + 10 %.

Daten bei geringer Strahlungsintensitat
Einstrahlung in Modulebene 200 W/m’ mit Spektrum AM 1,5, Zelltemperatur 25°C

Nennleistung [Wp] Prmpp 19,0 19,4 20,0 20,6
Nennspannung [V] Umpp 17,4 17,4 17,6 17,6
Nennstrom [A] Impp. 1,09 1,11 1,14 1,17
m Leerlaufspannung [V] Uoc 21,2 21,3 21,4 21,5
Kurzschluss-Strom [A] lsc 1,27 1,28 1,29 1,31
Modulwirkungsgrad (%) mn 6,6 6,7 6,9 7,1

Die Messtoleranz betragt + 10 %.

Temperaturkoeffizienten

Leistung [%/K] Tk (Pn) -0,20 -0,20 -0,20 -0,20
Spannung [%/K] Tk (U) -0,33 -0,33 -0,33 -0,33
Leerlaufspannung [mV/K] Tk (Uoc) -78 -78 -79 -79
Strom [%/K] Tk (1) 0,08 0,08 0,08 0,08
Die Toleranz der Angaben betrigt + 10 %.

Kenndaten
Solarzellen pro Modul 56
Solarzellentyp a-Si/a-Si Tandemzelle
Anschluss Anschlussdose IP65 mit einer Bypassdiode,

4 mm? Solarkabel mit Tyco-Steckverbindern,
Lange je Pol: 1,2 m
MaRe Anschlussdose [mm] 138 x 90 x 22

Frontabdeckung wirmebehandeltes Floatglas 4 mm
Rahmenmaterial Aluminium - schwarz
Abmessungen und Gewicht
Abmessungen [mm] 1.108 x 1.308 (Toleranzen + 3 mm)
Dicke [mm] 50 (Toleranzen = 1 mm)
Gewicht [kg] 18
Grenzwerte
Max. zulassige Spannung [Vpc] 1000
Max. Ruckstrom Ig [A]* 15
Zulassige Modultemperatur [°C] -40... +85

Max. Belastung (nach IEC 61646 ed. 2) Druck: 2.400 N/m? oder 245 kg/m?
Sog:  2.400 N/m? oder 245 kg/m?
Anwendungsklasse (nach IEC 61730) A
Brandklasse (nach IEC 61730) C
* Keine externe Spannung gréBer als Uoc auf das Modul aufprdgen.

Zulassung und Zertifikate £ DOsreriizert nach -
Y Die Module sind zertifiziert und zugelassen nach IEC 61646 ed. 2 und @ w gm Eu :28 ?ggé;zgggé Rﬁg.-Nﬁ. 2;%4
. 5 o Pt :2005 - Reg.-No.
IEC 61730, der elektrischen Schutzklasse Il sowie den CE-Richtlinien. OHSAS 18001:1999 - Reg.-No. 2184

Hinweise zu Installation und Bedienung dieses Produkts finden Sie in
der Installationsanleitung.

Alle Angaben entsprechen der EN 50380-Norm.

SCHOTT Solar AG Tel.: +49(0)6023/91-1712 SCI I \)TT

Carl-Zeiss-Stralte 4 Fax: +49(0)6023/91-1700

63755 Alzenau solar.sales@schottsolar.com S O I a r
Germany www.schottsolar.com

FicUrE B.5: Data sheet: Schott a-Si modules, page 2
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